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FOREWORD

This report presents the results of Phase III of the Hypersonic Research Facili-
ties study performed from 2 January through 26 June 1970 under National Aeronautics
and Space Administration Contract NAS2-5L58 by McDonnell Aircraft Company, (MCAIR),
St. Louis, Missouri, a division of McDonnell Douglas Corporation.

The study was sponsored by the Office of Advanced Research and Technology with
Mr. Richard H. Petersen ss Study Monitor and Mr. Hubert Drake as alternate Study
Monitor.

Mr. Charles J. Pirrello was Manager of the HYFAC project and Mr. Paul A Czysz
was Deputy Manager. The study was conducted within MCAIR Advanced Engineering,
vhich is directed by Mr. R. H. Belt, Vice President, Aircraft Engineering. Tae
HYFAC study team was an element of the Advanced Systems Concepts project managed
by Mr. Harold D. Altis.

The support of the following companies in the ground facili‘y synthesis is
gretefully acknowledged: The Cabot Corporation for extensive design, performance,
and operational refinement in carbon combustor concepts; Allis-Chalmers for defini-
tion of compressor plant design and equipment requirements. FluiDyne Engineering
Corzany, as a subcontractor on the HYFAC study, contributed significantly to the
detailed structural and operationel recairements of the flow facility vest legs.

The basic task of Phase III was to refine and improve the definition of the
facility components asscociated with those attractive faciiities retained from
Phase II to provide a base for credible cost estimation, dsvelopment assessment, and
facility design. The Phase III study has been conducted in -ccordance with the
requirements and instructions of NASA RFP A-15109 (HK-81), 1'cDonnell Technical Pro-
posal Report G370, and OART Correspondence received dur’ng che Phase III period.

This is Volume IV, Part 2 of the overall HYFAC Peport, whirli is organized as follows:
NASA CONTRACTOR
REPORT HUMBER
Volume I Summary CR 114322

Volume II  Phese I Preliminary Studies
Part 1 - Resesarch Requirements and Greund Facility
Synthesis CR 114323
Part 2 - Flight Vehicle Synthesis CR 11h32h

Volume IIT Phase IT Parametric Studies
Part 1 - Research Reguirements and Grourd Facility

Synthesis CR 11k325
Part 2 - Flight Vehicle Synthesis CR 11k326
Volume IV  Phes. III Final Studies
Part 1 - Flight Research Facilities CR 11L327
Part 2 - Ground Research Facilities CR 114328
Part 3 - Research Requirements Analysis anc. Ground
Facility Potential CR 114329
Volume V Limited Rights Data CR 11L4330
Volume VI  Operationsl System Characteristics CR 11L4331
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SUMARY

Airbreathing hypersonic aircraft employing liquid hydrogen fuel have the poten-
tial of accomplishing a number of mission requirements in the 1980-2000 time period.
For these systems to be either f2asible or practical, major ad -ances in the tech-
nclogical state-of-the-art are necessary, therefore, the purr . of Contract NAS2-
5458 was to evaluate the research and development requirement. for selected poten-
tial operational hypersonic aircraft. Based on these requirements, the character-
istics and projected costs were defined for a number of facilities which provide
the necessary technological increment to attain the coanfidence level preceding the
development of a potential operational hypersonic aircraft. The study is organized
into three phases.

o Phase I was a preliminary analysis of a broad spectrum of {ifty-four
facilities which identified eleven ground research facilities for further
refinement in Phase II.

o Phase IT involved evaluating the eleven facilities using various tradeoff
studies to identify those which could provide the necessary technological
incremnant at minimum costs. Then five facilities identified as warranting
further study were carried into Phase III.

o Phase IIT involved refining the definition of the equipment and components
associated with the five facilities to improve the base from which detailed
cost estimates and development assessments were made. Improved definition
of the facilities would add to the credibility of the facility concepts
and their true research capsbility.

This part of Volume IV presents the results of +the analysis of the ground research
facilities which refined the description of the more favorable concepts. The sig-
nificant results obtained are:

1. Gasdynamic facilities which provide a significant increment in present
capability are based on existing equipment performance levels.

2. Full scale turbomachinery and ramjet engines can be tested with flight
duplicated conditions to Mach numbers near 6 for the potential operational
aircraft trajectories.

3. For scramjet engines, only engine modules could be considered for prac-
tical experimental facilities. A facility with a high confidence level
and significant research capability can be provided at reasonable cost
which can test a near full scale engine module for a 600,000 1b
(270,000 kg) aircraft.

L. Although it is theoretically possible to provide completely duplicated
Tlight conditions for the entire flight envelope for the potential opera-
tional aircraft, meterial and cooling limitations restriet the degree of
simulation for Mach numbers exceeding 10 in continuous facilities.

MCDORNELL AIRCRAFY
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The structures fecilities are based on component hardware currently in use,
but assembled into a size and complexity that far exceeds current struc-
tural facility capability. IMajor developments must occur in testing tech-
nique, not necessarily in hardware performance.

There is a generally high confidence thaht the performence stated for the
five facilities refined in Phase III can ve achieved. These facilities
were judged to provide about a 50% increase in research capability over
existing levels. Their cost, compared to the degree of improvement cover
existing facilities, is very similar to the cost/capability relationship
of existing major facilities.

A major substudy established tie sources, cost, and availability of large
amounts of electrical and chaft power.

MCDONNELL AIRCRAFY
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acceleration due to gravity, sea level, 45° geographic
latitude = 9.80665 m/sec? .

geopovential pressure altitude

wind tunnel test section height, vehicle fuselage height
molecular hydrogen

specific impulse

additional drag factor, ratio of model wing area to wind
tunnel test section crnss sectional area

inlet process efficiency
wing sweep engle

moment arm, length
induced drag factor
lift, length

MCDONNELL AIRCRAKEY
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LIST JOF SY!20LS (Cont)

Synbol Befinition

L/D 1ifs to drag ratio

m LASS

M Mach number, bending moment

0 tass flow

n, flight path normal load factor

NKE inlet kinetic energy efficiency

N.F. normal frrce

n inlet height-to-width ratic

NoOL nitrogen tetroxide

V) molecular oxygen

o/f oxidizer to fuel weight flow ratio

p pressure

[ fuel equivaience ratio, ratio of actual fuel flow to
stoichiometric fuel flow

6 angle between shock attachment point and cc-»wl lip

q dynamic pressure

R specifiec gas conscant

Rp mean radius of the earth 6,37i,100 m

y7 4 universal gas ccustant (8.31432 joules/°K mol)

Re Reynolds number

p density

g, Fg stress

S area

S/R dimensionless entropy
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t time

T temperature

Ty recovery temperature
Ty wall temperature

v velocity

Vol volume

v veight flow

x length

-

heading angle, yaw angle

3

geometric eltitude

AMCDONRNNELL AIRCRAFT
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LIST OF SYMBOLS (Cont)

SUBSCRIPTS
Propulsion Station Designaticns
0 free stream
c capture, a fixed reference area on vehicle
cowl cowl lip
2 engine fTace
3 engine exit
e nozzle exit
t nozzle throat
General
aero attributable to aerodynamic forces
c chamber conditions, cruise
cent attributable to centrifugal forces
D drag
E empty
e engine exit
eff effective
f final
F frontal
i initial
© free stream
G associated with gravity forces, gross
I ideal
M maneuvering

KRICDONNELL AIRCRAFYT
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LIST OF SYMBOLS (Cont)

Symbol Definition

max maximum

min minimum

N net

o} isentropic reservuir conditions, evaluated at zero lift
Prop attributible to propulsion system

P associated with pressure forces, planform
R wing root

S structural

s vehicle, model stagnation

t totz2l conditions corresponding to isentropic case
TO takeoff

TJ attributable to turbojet propulsion system
SJ attributable to scramjet propulsion system
t wing tip

test associated with test time

w wing

wet etted

vac associated with vacuum conditions

X longitudina’. direction

¥ lateral direction

z vertical direction

MCDONNELL AimCRAFT
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LIST OF ABBREVIATIONS

Abbreviation Definition

ARC Ames Research Center

A ampere

A-h Ampere--hour

AB all body

A/D analog to digital conversion
Alt altitude

AM amplitude modulation

Aero 50 Aerozine 50, a 50/50 mixture of UDMH and Hydrazine
bp boiling point

Btu British thermal unit

oc degrees Celcius (centigrade)
Cc.&. center of gravity

c.p. center of pressure

cm centimeters

CSJ convertible scramjet

dB decibel

D/A digital to analog conversion
diam diameter

eng engine

oF degrees Fahrenheit

FRC Flight Research Center

ft feet

fps feet per second

GE General Electric Co.

NMICDONNELL AIRCRAFT
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LIST OF ABBREVIATIONS (Cont)

Abbreviation Definition

hr hour

Hz hertz

HF higi. frequency

HTO horizontal takeoff

HYFAC Hypersonic Research Facilities
ILS instrument landing system

in. inch

inst installed

IRFIA inhibited red fuming nitric acid
J Jjoule

JP jet propulsion fuel

og 2sprees Kelvin (absolute)

kg kilopram

L liquid

1b pounds, force

LO2 liquid oxygen

LH2 liquid nydrcgen

1bm pcunds, mass

mi mile

m meter

max maximum

min minimum

MCAIR McDonnell Aircraft Company
MDAC (EAGT) McDonnell Douglas Astronautics Company (EAST)

MCDOANELL AIRCRAFY
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LIST OF ABBREVIATIONS (Cont)

Abbreviation Definition

nmi nautical mile

N newtons

Ne. number

OWE operational weight empty

psi pounds per square inch

PFRT Preliminary Flight Rating Test
P&WA Pratt & Whitney Aircraft

°R degrees Rankine (absolute)
R&D research and development

RDY&E research, development, test, and evaluation
RF radio frequency

RJ ramjet

RKT rocket

RP rocket propellent

s, sec seconds

SJ scramjet

smi statute mile

TF turbofan

TIT turbine inlet temperature

TJ turbojet

TMC The Marquard Corporation

TRJ turboramjet

TOGW takeoff gross weight

UARL United Aircraft Research Laboratory

MOCDONNELL AINRCRAFT
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UDMH

UHF

uninst

VTO

REPORT MDC AQ0J13 @ 2 OCTOBER 1970
VOLUME XY @ PART 2

LIST OF ABBREVIATIONS (Cont)

Definition
unsymmetrical dimethyl hydrazine
ultra high frequency
uninstalled
vertical takeoff
valt
winged body
without
weight

watt
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1. INTRODUCTION

The Phase III results of .n investigation of Grcund Research Facilities per-
formed as a part of the Hypersonic Research Facilities (HYFAC) Study are presented
herein. The primary objectives of the HYFAC Study are to assess the research re-
quirements associated with the development of future (198C-2000) operational hyper-
sonic aircraft and, based on these requirements, provide the NASA with descriptions
of a number of desirable facilities with which to accomplish the necessary research.
Ground facilitlies, both new and currently existing, are evaluated to provide a:
assessment of their capabilities, performance, cost, and acquisition time.

The HYFAC Study was performed in three phases. Phase I involved screening a
broad array of fifty-four possible research facility concepts in nine categories
of ground facilities, postulated to acquire the research data described in the
Research Objectives. Those concepts which could provide a measurable increase in
experimental capability over existing facilities were evaluated with respect to the
magnitude of their research coniribution and acquisition costs. The eleven facility
concepts remaining after this screening were those providing a high research value
coupled with an experimental capability in excess of the current level. Identifica-
tion of common hardware which could be shared in common technical areas made it
possible to consolidate these into seven irtegrated facilities waich were retained
for further study in Phase II. Iu Phase II, the size, performance and degree of
suznlation were varied to establish the influence of these characteristics on the
acquisition costs. At the conclusion of Phase II, the fielé of candidate facilities
was again narrowed to those facilities which could provide 2 resonable increment in
research capability, and which could be constructed and cperated with a high confi-
dence of achieving the desired performance gosls. The five facilities chosen for
Phase III refinement were:

(1) integrated polysonic blowdown gas dynamic research facility (GD20)

(2) hypersonic impulse gas dynamic vesearch facility (GDT)

(3) integrated turbomachinery/ramjet engine research facility (E20)

(4) dual-mode ramjet research facility (E9)

(5) integrated structures/fluid systems research .facility (S20)

These five ground research concepts are discussed in the following sections.

Phase III results pertaining to the Flight Research Facilities are covered in Part
I of Volume IV

(Page 1-2 is Blank) MCDONNELL AIRCRAFT
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2. REFINEZENT ANALYSIS AND APPRCACH

As a result of the Phase II refinement, tiue definitions of the experikental
working sections of the gas dyaauic, engine, and structures research facilities
were :ather firm. Results of the parametric studies indicated that these elements
generally did not .epresent a major portion of the total acquisi%ion costs and that
turther zttenpts to refine the descrivtion of these componeats would yield only
small Improvements in performance and cosis. The support equipment, on the other
hand, did represent & majer rortion of the acquisition cests and further refine-
ments in the descriptions of these items could significantly affect the acquisi-
tion and operational costs. In Phase III, the primary emphesis was on obtaining
better definitions of the performance and size of the support equipment based on
the refined working seection definitions. In this manner & more meaningful assess-
ment could e made of the costs and development problems associated with each
facility.

The requirements for support systems such as compressors, exhausters, vower
supplies, steam ejectors and so forth, were described ii. as much detail as required
to identify the system ccrponents. Working with manufacturers, suppliers, and
designers of this equipment, preliminary plant layouts were made so that reasonably
realistic acquisition cost, operating cost, and maintenance cost estimates could be
made, as well as valid develoopment assessments. In this manner, these systems,
represantirg major increments of the total facility acquisition costs, would be
adequately valuated.

2.1 CRJECLIVE

<ne primary purgose of the refinement analysis in Phase III was to add credi-
biiity to the design concepts and acquisition costs for the support equivment. It
was apparent at the end of Phase IT that, in most cases, the facility element which
provided the experimental capability (i.e., the test leg) was in fact one of the
least costly and better defined items. The equipment which supplied the air, water,
heating, cooling, and so forth represented the major costs and had the poorer
definition. In fact, entire subsystems which were lumped together for gross cost
estimates in Phase II appeared to be capable of causing drastic changes in cost
upon better definiticn. With better definition, eritical it-ms which would affect
development assessments could be identified. Attention paid the performance and
size of the test legs during Phase IT resulted in a sufficiently good definition
so that further refinement would yield only small improvements. Therefore the major
efforc was aimed at better graphical structural representations of the facilities
and more detailed analysis of the equipment requirements in order to more accurately
specify the necessary equipment size, performence, and number of elements. This
yilelded a maximum return by providing a better listing of neceded equipment, a
better basis for credible cost estimates, a more definitive identification of exist-
ing equipment which can provide the necessary capability, a more realistic develop-
ment as:z2ssment, and finally a better basis on which to develop meaningrul develop-
ment scheivles.

MCDONNELL AIRCRAFEYT
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2.2 DESIGH REFTINE.ENT CRCULD RULES

The refinement ground rules primarily centered on improving detziled technical
descriptions of the hardware items which were dominating the acquisition costs sc that
hardware costs could be minimized without adversely affecting the facility perfor-
mance. The actuzl experimental working sections such as the wind tunnel and engine
facility test legs were not changed in performance, and only detailed changes were
made to the graphic represer*ation of the test leg components to clarify censtraction
metheds and improve on the practicality of the fabrication.

In the case of the structures facility, the Phase II equipment spvecifications
were already surficient, but the actual implementation of the integrated concent
required further refinement to provide a viable overall concept.

2.2.1 GAS DYNAMIC RESFARCH FACILITIES - These facility concepts were develcpel 1t
provide a degree of !Mach number-Reynolds number simulation considered necessary to
establish tli« aerodynemics of the full scale =ivcraft with a high confidence. The
Phase I and IT analysis showed that a degree ¢of simulation consistent witn providin
one-fifth of the maximum full scele Reynolds number over the entire !ach nunber
range would probably satisfy this need. These facilities are aerodynamic simulators
and do not duplicate the actual temperature, velcnity, and density correstonding

to flight conditions. As research tools they can provide a significant increese in
capability over a wide spectrum of aerodynamic research arplicsole to:

fog
te]

Aerodynamic configuration develorment
Cruise optimization

Stebility and centrol

Thrust minus drag of propulsion systems
Inlet/exhaust nozzle verformance
Configuration dependent heat transfer.

O 000 0O

The performance and size of the test legs were well defined in Phase II. The
Prase II enalysis did indicate that further relinel snt was necessary in the
compressor/air storage systems and these werz the only components for which the
detailed descriptions were changed from Phase II values. The primary ground rules
for the Phase III refinement were:

o Ko change in the Reynolds number/Mach number simulation capability or
facility size.

o Examination of air storage requirerents, run time, air ejector mass flowv,
and starting durations to mirimize air storage volume.

0 Examination of conditions on which air storage tank pump-up time is based t:
minimize compressor size, consistent with productive operation.

¢ Improved graphical repres:antaticn of facility so a more realistic
structural concept is available to determine materiasl and fabrication costs.

MCDONNELL AIRCRAFT
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~

€ Consideration of the overall fecility in terms of site locations which will
accormmodate the operational environment produced by the facility.

o Consideration cf the operational prccedures and safety aspects of the over-
a1l facility in terms of the investment required to maintein safe operation, and
minirization of damzge should a component failure occur.

0 Cecnsideration of cost savings possible by integration of candidate facili-
ties into exis*ing facility compiexes to utilize existing suprort egquirment.

O Wherever poscible, ucilization of existing hardware items which have been
developed and operavtionelly proven.

2.2.2 EIGINE RESEARCH FACILITIES - These facility cconcepts were develoved to provide
a2 Tlight duplicated environment for full scale engines (turbomachinery, ramjeis) and
full scale components (scramjet, convertible s.ramjet modules). Phase T and IT
analyses showed that flight duplicated conditions and full scale engine hardware
wculéd probably be necessary to accomplish the research associated with advanced
engines of the next two decades. The engine research facility concepts developed
represent e mejor increase in capebility ove: the current level. Adaptation of
industriel technology,together with a novel aspproach to scramjet engine testing,
resulted in a tacility which provides good flight duplication for a iarger engine,
at less cost than would be obtained using conventional technigues. As research
tools, these facilities can provide experimental capability over a wide spectrum of
engine research.

o DFRT ratings of engines and components

o Engine-inlet corpatibvility
Time variant/steady state distortion
Pressure and thermal distortion sensitivity
0 Engine qualification, performance guarantees
o Matlerials behavior and operational life

o Overhsul and maintenance reguirements

o Performance sensitivity to operational, - :terials, fuels, and design
—~changes.

Since these facilities can provide flight duplicated conditions, aerothermodynamic
test legs were designed to be interchangeable with the basic engine cells. These
provide additional research capability in the areas or':

o Free jet inlet/engine testing

o Aerothermodynamic research

o Aerothermcdynamic configuration refinement

AMCDONNELIL AIRCRAFT



REPORT MDC A0013 ® 2 OCTOBER 1970
VOLUME IV @ PART 2

o Heat transfer research in duplicated conditions using actual aircreft
materials

o0 Structurel research un large sections in flisht diplicated environment
o Materials research

0 Structural thermal control research
Surface radiation
Structural cenductivity
Insulation efficiency
Active cooling eveluation.

The engine research facilitles underwent cconesiderable refinement in the definiticn
cf the engine sizes which controlled the requirel nmass flow, and in the detail de-
riptions of the support equirment which dominated the acquisition costs. From
Thase II results it was shown that the actual test leg was a small vercentage of the
total cost, and that the ccrpresser plant, exhauster tlant, ccolers, and heaters rep-
resented most of the cest of acquiring the facility. A major go2l of the Phase IIT
refinement was tc obtain sufficiently detalled descriptions of these items to rermi
realistic cost estimates. The ground rules for the Phase IIT refinerent of the
engine research fecilities were:

0 Phase I and II estimates were based on enzine sizes consistent with current
study engines. In Phase III these would be projected to 1930-1G90 sizes to estimate
maximum requirements, for toth turbomachinery arnd scramjet facilities.

o Examination of the size of the free jet le: for the turbcmachinery
engine facility (E20) to reduce the enormous compressor/exhauster requirements
(over 280,000 cubic meters per minute) and yet achieve an arceptable research
capability.

o0 Ixaminstion of ereas where small szcrifices in researcn capebility might
vield major cost savings.

o Further refinement in the description and overaticn of the heaters and
coolers so realistic cost estimates and physical arrangements could be made.

o Determination of whether any significant cost reductions are vossible by
integration with existing facility complexes.

o Utilization of existing hardware items which have been develcoel and
operaticnally proven wherever possible.

o Consideration of the over-all facility in terms of location at a site which
will sccemmolate the operational environment vproduced by the facility.

o Consideration of the operational procedures and safety aspects of the over-
all facility,in terms of the investment required to maintain safe operation, and
nininizaticn of damage should a component failure occur.

MCDONRNELL AIRCRAFTY
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2.2.3 ETRUCTURAL FESEARMY FACILITY - This facility concept was developed to pro-
vide & simulated local environment for research on large structvral sections. In
addition, th= significant hardware capability required to accomplish this nhierntive
can be subdivided to provide research capability for structural components in the
areas o7:

Thermal/mechanical fatigue

Acoustic/thermal envircnments

Acoustic/vibration research

Tuel systen components

Tuel tankage research under simulsted environments.

00 000

Tor the latter twec research areas, a remote hazardous area has been nrovided where
fuel comreonents and loaded fuel tanks can be experimentally evaluated in safety.
Although the comporents comerising this facility are generally the same as those
new in use in current structural facilities, the overall size of the structural
section and magnitude of thermzl input represent about a ten-fold increase in
existing cavpability with full duplicated iccal environments. This cemplex represernts
a major addition to the present structural research capability. The aunilitr ~f the
siructural facility to provide the required test data is determined by the amount
of tes* ecguirment included in the facility and the maximum size of the test articla
that may te tested. The maxinmum srecimen required to give reliable fest results
was determined in Phase IT to be 2 major section of the operaticnal airc»afi. The
facility was designed to dunlicate all flight and eround environmental cenditions
that an orverational lLiyvperscnic vehicle might experience. The four rrimary environ-
ments simulated in the structural research facility are thermal, mechanical,
altitude, and acoustical.

These basic environments may be combined to perform tests 1ider varyving environ-
mental and loading conditions. The equipment descriptions developed in Phase II
were rather complete in terms of identifying those items necessary to perforr ‘“e
required tests. Phase III refinement was focused on integrating this hardware into
a realistic laboratory ccmplex. The primary ground rule controlling the integration
was consideration of safety asvects, including fueled structural specimens for
cryogenic fuel tank research under simulated flight conditions. The aspects of
integration into an existing facility complex were alsc considered.

AMCDOANELL AIRCRAFT
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&.3 oELERAL COST METHODOLOGY

The guidelines and techniques used to prepare acquisition and orerating costcs
for the ground research facilities retained for Phase III study are presented in
this section. All of the facilities were priced by summing the individual costu
determined for components comprising the facility complex. The experience ana
Judgement of vendors manufecturing and supplying components was used extensively -
establishing a credible base for the cost estimates. Those vendors contributins:
to this study by rroviding design, pertformance, and cost information as well s i
sources and references used are ldentified in Figure 2-1.

2.3.1 ACJUISITION COSTS - Estimating construction work is a process of deter-
=ining the quantities and costs of material, lshor, equirment, and parts reguirsd
te construct a particular project. The detail and accuracy of any estirmate is, L
necessity, commensurate with the quality and detail of the written criteria and the
drawings which were used for its preparation. The estimate is also dependent on the
estimator's knowledge of construction techniques, his judgements regarding com-
vlexity of construction, and his fund of information atout materials, lzber,
cguirmeant, parts, erection techniques, and instzllation methods. 4 resume o the
cost estimating process for ground research facilities is presented in Figure _--.
wWnile some factors may change for a specific facility, the process shown is rec-—
resentative of the estimating procedure.

The estimates prepared for this report are classified as budgetary. The es~
timator has, therefore, emphasized determining the costs associated with those items
having the greatest effect con overall facility cost and has given somewhat less at-
tention to those items having a smzll influence on the overall cost. The con-
tingency factor associated with this type of estimate is 10% which covers elements
that might not be apparent in tne simpiified descriptions used. Considering the
quantity and detail of the written criteria for thoses facilities retained throuch
Phase III and the detall of the conceptual drawings, it is felt that the estimates
developed for each facility represent a factual basis for any evaluatious or trais-
offs that might be influenced by cost factors.

MCDONNELL 6"”.‘"
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FIGURE 2-1
FACILITY COMPONENT - COST ESTIMATE BASE MATRIX FOR GROUND RESEARCH FACILITIES

REPORT MDC A0013 ® 2 OCTOBER 1970
VOLUME IV @ PART 2

— g

. Iy (] [RTY . _
waed IsaL dnianasowsy ) _v T

J90j10 put AZTON § Yoo

)10 PR HITON § YIW

IMNUQ P IJTTON 2| YW

$]00ds 1230§)1() PH00) s0MN

134140 VO[S4 519

1QUAY) KOS HY, BTy [

Reay 2035y 2)ydes) ®

IR O3, T T T T °
adtgd 11y pIo) R

WOIRPUNO § PUE S R

AN djod PTG

£1109 401} 2Py [ 3K

woHEIRSY) (R [ 2K JK J

0000

(naTw 9s) san L wiey | @ B 1T

(0 whiqunjo)) 33481 218 @ ®

Mg iy 1oy ®

AN NW) o(eo|0 [ ]

LIl

R 3015 2102

adid 1y pio

VOIERUNG S PUR YT Y

S1uNg xiwag

¥214g eviwnly

¥a1g euoonz

vojinsu) jRuim L

#0[5nqUW0J IPIXNON LOgHE) [ :T ©
sadueyn ] 163y pan4 5e9, 110 [
-

Weld ossadwo)

Jupjing [ d

108534wo)

syl e opludy [ @

i
1
o lo!

o 1

-

SIA(RA (010

alei)s $89 vadunin

) Nenlg ® ®

1§27 1591 of) Juidiy ®

LA |OIVED ®

ued Qismipy

wprg [ @[ I o

T

[ELNE] ®

-7

®!
.

Y
T

L

[ ]

(13)1j4 150Pyx] o)) Buidrg

LA [0]U0)

ity | ©

ey aleiols

r
[ 2

(30 1524 o) Juidiy ® —t—

JAJEA j0RUD) L

[ X}
®!

Weld voeRdnay

MCDONNELL AIRCRAFT

uipjing [ ]

witalujay

4

T
®

(3071594 01) Judig

eA |0IND) ] 11T i o[ e® °

$12)002) UOIJRIIPPILNYIQ

|

S1M0] ayeIy|

131{94g vor)23s 53]

ipiing 331ip pue qe

000

3uip|ing Alquassy japoy |

uenesgny

washg 03U0D e 0Ny
$4S U01)131nb2y E3EQ PUR UONRIUZWNIISU|
SAIA0) 3BT pinbiq

fooi ]

r[{

N0

300
00l
olele
0
ole

}

watshs Ineiphy N . n ) ; T r

JURWGIND 3 1531 SN 2251k I P : 1 # BV S T

warshg swnyiwoag i L T T [ [T C 1 -t —
s13ji0g ) et b—

1

W e - 4t 4 ® 4
1310005 213I0An | @ ﬁ T r.lﬁ. I~ T — I ﬁ..

L ealy 1321 snopeeey | @

(Page 2-8 is Blank)




TIES

Wny

Facilily
Componeat

» 6
Heatas Tubes (Steel Makin)

Thurmal insuistion
ng Chamber Screent

Flaw Soreader

Cost
Estimate
Base

Adjustable Diffuser wd Fachanism

Fised Dilhser Sattion

Porous Walls
Test Cabin (Inciuding Schiitren)

Supersonit Yrst Cat

Wates Conles Dilfuser Spools
Teansonic Test Ol

Heater Sl and Foundation

Colt Ait Pipe
tnduction Healer
Faating and Fourks {ions

Test Leg

Graphite Resistance Heatet
Heater ‘Resecvoir Chambder
Mach 3 Nouxte and Dilfuser
Mach € Noxzle snd Dilluser
Thetmeskctre Test Cobin
Theteaglructine Tesl Accessaries
Mticulsted Test Snd
Theust Siand
Scramjet Test Module
Mode! Suppoct Sysiem
Tiubolsn Test Koz zie
Tubcjet Teyl Nozale
Tucharamie! Test Nozxle
Fixed Contous Mprxies
Fiexible Piate Norzies
Cold Au Intet Prpey

Waie Suay Assembhes
Ejeciot

Pressore Sheil

Vento!

Wired Section
Bacomeleic Sump

Induction Cotts

Shaded Pote Stiuciuce

Water (. ole8 Dithan Spoals
Muttiee

(;a; Piston Orives
Mach 12 Noyrie snd Ditfuser

PR

—p—

*
[ ]
[
®
[ J
[ ]
[
o
[J
o
[J
®
(]
[
e
[
®
L
O
L
o
®
[
.
[ ]
[
®
®
[
[ ]
[ J
[ ]
®
)

Richardseq Eng. Serr. 5y, Mgt

. City of €1 Sapurgs Resciium 335
L MCAIR fegats

. MCAIR Boggnry
MDAL-ED Reacets
mmeosme::

. ‘ Clerelang Cowpers=ith (g

Py A Mapretrermrg gp. ]

T T 4 Aerald Eors
1 L3 ] ™19 Enfineeerog Doy Cam

i DI Spw

| J ] T Katon Corpany

—

2izecia Corp, of Aericy
: lr Harbisan- dafier Relractonies Co.
| - Cabet Corporation
I { ] L Faxsipe] Cory,
T
| | Al3 Crgfegeg Mg co.

EBYy, Systens. ing.
PO¥ Steet €.

—~
|

Viitey lbndx(mns Co.

; I Ais Recucting Ca.
} Process ang Cre ~ical Equrompny Co
Clerer, Brooxs ‘
Jacksonvite, 1y, Naler ang Light Dept
Generst Elecre Co. -
Prati ang Milney Auceaty

Co~bustion Engmee(ing

| hg«soll-RJM

OO G SN

F.C. Biown g Co.

Linde Divinigy of Unien Catige -
NASA Regorts

[ 3K 11 ) 7 NASA Lears
Sewctos! Facily

ele Y ] sle el ® d Hoch 810 10 1 0
ele » ® o ele ® L Mach 1040 1Bleg
) Cor=on o Bath Lags
o |® ® [ 21 ] eoe/0® L] Trisonic Lag

oo oj0i0ie LI ® e eia 8]0 000 Hysersanic Leg
Com=on to Bo L ygs

oleis0 00 eisioiein |80 ® * Hylrig Enging Faciny
. e
{ 2 J LI [-21 UL ) o9 [ J smucm“u' =3

of lo oo o) (o|o | [8 ] Fwitig
000 * ] 1 Comen 1o Both Lagy
—_— ]

!

G0y

6oz




REPORT MDC A0O13 @ 2 OCTOBER 1970

VOLUME I @ PART 2

o
-
a..t?ﬂ.!-o TN
LY
fcd Cot™
e
6“w$44
o

$S300Y4d ONILVNILST 1S0D ALITIIVI HO¥VISIY ANNOYD IHL
Z-¢ 34n9id

A

oy

“
’\ 3 _-,uwg
L

”ﬂeo‘(wtcw

oL

PRECEDING PAGE BLANK NOT FILMED

MCDONNELL AIRCRAFT

-

ol prbdyy "



REPORT MDC A0013 ® 2 OCTOBER 1970
VOLUMEIY ® PART 2

Guidelines established to assure compatibility between the individual facility
cost estimates are:

(a) The cost of site acquisition is not included in the Phase III estimates.

(b) The only facility considered for integration into an e. sting facility
is @gDpQ if it is located at AEDC. All other facilities are considered as being
feasibly located on any approvriate site.

{¢c) Building envelopes have simple outlines established from equipment
evaluation and plan drawings,

(d) Structures requiring a 70,000 1b/ft2 (3.35 x 100 N/m2) load bearing
floor are priced to include piles driven 100 ft (30.5 m) to bed rock with a 10 ft
(3.05 m) penetration.

{(e) Services are defirned as those utilities required to operate various
facilities and test equipment. They include those provided by power, gas, and
water companies; air; steam; and refrigeration. For Phase III, the services are
provided separately to each facility with no provisions for consolidation, except
for the case of GD20 if it is located at AEDC.

(f) A1l large electrical heaters are provided with individual gas turbirne
power generating plants to avoid load dumping and line problems in the event of a
serious heater failure.

(g} Large electric motors are of the synchronous type and have small wound
rotor motors as starters to bring them up to synchronous speed. All motors coupled
to heavy mechanical loads are provided with controls and couplings to start them in
the unloaded condition to ease the effects of high starting surge currents.

(h) Equipment definitions are directly associated with performance require-
ment tc achieve a desired capability in a particular facility.

(i) Data acquisition equipment is defined as that equipment required to re-
cord, store, compute, and playback data collected during facility operation. For the
flow facilities it is based on an estimate of required channels and costs extra-
polated from existing facilities. For the non-flow facilities it is based on the
number of cointrol channels necessary and the number of environmental parameters be-
ing simulated, as determined from the facility component breaskdowns.

(j) The instrumentation comprises thermocouples, strain gauges, pressure
transducers, flow meters, accelerometers, microphones, and any other devices which
are required to sense physical factors required for facility control and data.

(k) Low bay office areas are erected on a 6 in (15 cm) thick concrete slab
using steel framed window wall construction and are estimated using Richardson's
Commercial - Industrial Estimating and Fngineering Standards. These areas have
dropped ceilings, air conditioning, and 100 ft candle (1076 lumen/m®) lighting.
Space is provided on the basis of 85 £t2 (7.9 m2) per man and air conditioning is
provided on the basis of one ton * per five hundred square feet (7.56 watts/m<).
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(1) Industrial structures covering test sections, test cells, model assembly
areas, shops, and utility rooms are erected cn a 6 in (15.2 cm) thick concrete slab
using steel framing to support an insulated curtain wall and a buil' up roof.
Commercial-Industrial Estimating and Enginecering Standards is used to estimate the
cost of these aress. Lighting is provided at 100 ft—candles (1076 lumen/m?), There
are no provisions for air conditioning.

(m) All estimates are ir 1970 dollars. In instances where historical costs
are used, Means Industrial Index (Figure 2-3) is employed to adjust these costs to a
1970 level.

Generally, the procedures, technigues, and base costs use? are found in
Commercial - Industrial Estimating and Fngineering Standards published by Richardson
Engineering Services, Inc. of Downey, California.

The following sections describe some of the general principles and gquidelines
used in estimating the costs of the various test facility components. Costs of
providing power are discussed separately in Section 3.0.

2.3.1.1 CONCRETE - Using the above reference, concrete for footings and foundations
was estimated on a cost per cubic yard in place hasis and included concrete, form
material, labor, overhead, and contractor profit. The cost per cubic yard is in-
fiuvenced largely by placement; i.e., the cost per cubic yard of footing or floor is
conside=ably less than that for a foundation wall as considerably more forming ma-
terial and labor is reguired to pour the latter. Reinforcing steel for concrete
structures was priced on a per ton basis including material, labor, profit, and
overhead. The actual cost used depended on the de=nsity and type of rclaforcing

steel required.

2.3.1.2 PRESSURE SHELLS -The test leg pressure shell structures were estimated by -
dividing them into structural elements and then describing these elements on a work
sheet with respect 1o size, configuration, internal and external pressures, tem-
perature, and corrosion effects. A simplified stress analysis of each element was
also performed to determine the shelil thickness and associa*ed structural reinforc-
ing requirements. From these factors, the appropriate structural materials were
selected and their tonnages calcul-ted. The complexity of fabrication was then
considered and applied to the material type and tonnage requirements to determine
the final cost per ton of each shell element. Pressure shell erection costs are
dependent on the size and shape of each structural element and in the way the ele-
ment is prefabricated for shipment to the site. Field welding constitutes a sig-
nificant portion of these costs and a substantial effort was directed toward de-
termining the types of welds and amount of welding required. For cases where field
welding costs were not available in Commercial - Industrial Estimating and
Engineering Standards, the Nooter Corporation provided data from which an estimate
could be developed.

% One ton of air conditioning is defined as the thermal equivalent of one ton of
melting ice in a 24 hour period and is defined as 12,000 Btu per hour (3.5 kW).
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Components such as nozzles, ejectors, and contoured shapes were similarly
anaiyzed. Where machining was required, the estimate was prepared on the basis of
using a tro-=r mill. DbMaterial selection for these components was dictated primarily
by temperature extreres and corrosior effects. In cases where refactory metals had
to be used, material costs were provided by Fansteel Corporation and coating
and fabrication costs were supplied by MDAC.

2.3.1.3 INTAKE AND EXHAUST TOWERS - Intake and exhaust towers for the flow facil-~
ities weire estii ated using reinforced concrete construction. The recent acoustic
treatment given to the exhaust towers of the MDAC Astrophysics Laboratory provided
the basis of estimating the same for the flow facility exhaust towers. MDAC was
required to comply with the very stringent noise abatement requirements of the City
of El Seguundo, California. Thus, the cost estimates for flow facility exhaust tcwers
are biased towards the anticipeted unoise abatement requirements of a populated

area.

2.3.1.4 INDUCTION HEATERS -induction heater pressure shell structural material was
selected after consideration of the maximum temperature to be attained and a sim-
plified stress analysis to determine shell thickness and -einfcrcing requirements.
A cost estimate was then developed as a function of mate. 'al tonnage and fabrica-
tion requirements. The sheet copper shaded pole liner to shield the pressure shell
from induced electric fields was estimated as 2 function of pressure shell interior
surface area. Induction cecil costs were obtained from Cleveland Coppersmith
Company and Ajex Magnethermic Company. Stainless steel, TD nickel and refactory
metal iaduction heater tute costs were proviied by Fansteel Corporation and
MDAC-ED. Costs for alumina and -‘rconia insulation bricks were obtsined from
Norton Company, and Fluidyne Engineering Corporation. Ajax Magnethermic aiso
indicated that induction heaters of the type required for the flow facilities

are feasible on “he basis of their construction of a 250 megawatt unit for

heating steel pillets. However, they caution that the interactions of tube

buncie design and fabrication, pole shading, induction coil placement and pover
supply voltage and frequency are very critical in developing an operable flow
facility induction heater capability. Considering the effort required to

achieve an operational capebility for < much smaller induction neater at NASA-Lewis,
a substantial prototype develonment. effort should be considered before desigr and
conetruction of a large unit is undertaken. For this reason, & development cost
was included in the final cost estimate of each induction hestver.

2,3.1.5 EXCAVATION ANL EARTH MOVING- The structural test facility requires extensive
earth moving and excavation for the reinforced concrete structural floor and
hazerdous test area. Costs for this operation were determiuned by developing a com-
vosite cost per cubic yard of meterial moved by including equipment rental, ejuip-
ment operators, orofit and overhead. These coscs were estimated on a per.cubic yara
basis for a one way haul using Richardson's Commercial - Industrizl Estimating and
Engineering Standards.

2.3.1.6 MECHANICAL kgUIPMENT -Mechanical equipment cost estimates were obtained
from direct written or verbal vendor quotes as indicated in Figure 2-1.

In several instances, special estimating techniques and procedures had to be
develcped from vendnr or raference data to cover situestions not in Richardson's
Commercial - Indusvrial Estimating and Engineering Standards.

MCDONNELL JIRCRAKFY
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2.3.1.7 LOo/ALCOHOL ALTITUDE SIMULATION SYSTEM -- Cost estimates for the S20
LGo/Alcohoi Altitude Simulation System were obtained from Figure 2-L. Tata pro-
vided by Frank C. Brown & Compeny during the HYFAC study provided the cata base for
this figure. The cost curve includes LOp/alcohol steam gensrators, three stage
non-condensing ejector systems, instrumentstion, controls, znd the isolation gate
valve. Brick and mortar supports fcr the steam generators, ejectors, diesei pumps,
and related minor equipment are not included in these costs and may be determined
from Richardson's Commercial - Industrial Estimating and FEngineering Standards

once the overall dirensions of the system have teen determined. Electrical power
requirements are a 100 amp, 28 volt DC supply and & 440 volt, three phase, 60 cycle
supply. Costs for these services are also not included in Figure 2-L. These
al%itude simulation systems are best suited to operations where a very short
evecuation to eititude time is necessary. A typical installation is showmn in

Figare 2-5.

2.3.1.8 CRYOGFNIC SUPPLY- Cryogenic storage tank costs were obtained from Figure
2-€ and Figure 2-7. The cost curves were developed from data obtained frem Linde
Diwvision, Union Carbide Corporation. To these costs were added the cost of trans-
fer puaps ané the cost of distribution lines.

2.3.1.9 VACUUM CHAMBERS - The vacuum requirements for S20 are provided by

building a structure with sufficient framing to ellow the attachment of a totally
walded cold rolled, mild steel skin. Full opening, track mounted, electrically
operated doors are provided at one end of the chamber. Those steel members pro-
viding contact betweer the doors 7nnd the chamber structure shall be milleé to

hold an inflateble seal and the doors shall be provided with a sufficient number
of screw clamps to maintain the seal. Chamber evacuation to one Torr (133 I/m2)

in a very short time period is accomplished by use of steam ejectcrs operated in
conjunction with a LOp-alcohoal steam generator. Steam boilers will maintain the
vacuum after initiel pump-down. The chamber was priced by determining the tornage,
fabrication, and erection costs of the steel. All other environmental chambers

are priced using a curve (Figure 2-8) relating acquisition costs of environmental
chambers to their diameter. The data used tc develop these curves is tabulated

in Figure 2-9. The spread of data in Figurs 2-8 is accounted for by the wide range
of test capabilities represented by these chambers and by their variations in shape,
orientation, and amounts of cryogenic storage volume. The mean line indicated was
used for cost estimation.

2.3.1.10 ACOUSTIC SHROULZ AND GENERATORS- Acoustic envirownsrents will be simulated
by subjezting the test article to a high intensity sound field produced by elec-
tromechanical sound generators. The testing concept chosen was the plane-wave
shroud metaod where the test article is surrcunded by a shroud and acoustical
generators create a high intensity sound field that impinges on the specimen
surface. The cost of the acoustic generators was estimated by aetermining tne cost
of existing acoustic generation systems and extrapolating the cost for larger sys-
tems. In order to cost the acoustic shroud, the shroud was assumed to be made of
structural steel. The proposed concepts for acoustic.l testing were patterned rfronm
present tests performed at MDC and at NASA-MSC, Houston. 7The costs developed for
the acoustic system include the compressed air required to power *ae acoustic
gererators.
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FIGURE 2-4
LO,/ALCOHOL ALTITUDE SIMULATION SYSTEM
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FIGURE 2-6
LIQUID HYDROGEN STORAGE TANK COSTS
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FIGURE 2-7
LIQUID OXYGEN STORAGE TANK COSTS
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FIGURE 2-8

CHAMBER DIAMETER
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FIGURE 29
SPACE CHAMBER FACILITY DATA SHEETS
Initial {Initial Cost
Year Cost in 1970 § Dimensions
Facility Built x 103 x 103 £t (m)
McDonn211-St., Louis
1. 18 ft Chamber 1963 46T 628 18 dia x 30
(5.5 x 9.1)
2. 8 ft Chamber 1963 105 132 8 dia x 13
(2.4 x k)
i, 11 ft Chamber 1953 155 260 11x9x25 |
(3.3x2.7x7.7T) !
4., 14 ft Chamber 1959 L90 670 1 x 1k x 35 f
(.3 x 4.3 x 10.7) |
5. 30 ft Chamber 1963 923 1,160 30 dia x 30 i
(9.1 x 11)
NASA-Goddard
6. Thermal/Vacuum 1963 379 L5 12 dia x 15
Chamber (3.7 x b.6)
7. Space Environ. 1964 5,015 6,000 28 dia x 40
Sim. (8.5 x 12.2)
NASA-TPL
8. 10 ft Space Sim. 1965 1,577 1,890 10 dia x b5
(3.0 x 13.7)
9. 25 ft Space Sim. 1962 L,266 5,500 25 dia x 90
(7.7 x 27.5)
NASA-MSC
10. 20 ft Chamber 196k 600 Tho 20 dia x 22
(6.1 x 6.7)
11. SESC Chamber A 1966 17,123 19,650 65 dia x 120
(19.9 x 36.6)
12. SESC Chamber B 1965 16,123 19,300 35 dia x 43
(10.7 % 14.1) _j
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F!GURE 2-9 (Continued)
SPACE CHAMBER FACILITY DATA SHEETS
Initial Initial rost
Year Cost in 1970 $ Dimensions
Facility Built | x 103 x 103 ft  (m)
AEDC
13, Aercspace Environ- | 1966 14,656 16,700 k2 dia x 82
mental Chambex (12.8 x 25)
(Mark 1)
14, Aerospace Research | 1960 1,108 1,480 7 dia x 12
Chamber {TV) (2.1 x 3.6)
15. Aerospace Research | 1960 Ths 990 10 dia x 20
Chamber (8V) (3.05 x 6.1)
1. Aerospace Research | 1960 1,231 1,650 12 dia x 35
Chamber (12V) | (3.7 x 10.7)
l
17. GE/Valley Forge 1962 1,330 1,710 I 30 dia
one i (11.9)
chamber
i
18. STL 1962 550 T08 28 dia
: : (8.5)
19. Martin/Denver 1967 5,000 5,560 29 dia x L5
i (8.8 x 13.7)
i
30. ZXHerox/Electro- 1967 1,200 1,330 ! 33 dia x 22
Optical Sys. Div. i (10 x 6.7)
21. TRW 1966 2,400 2,760 22 dia x bk
(6.7 x 13.4)
22, Philco-Ford/WDL 1967 2,000 2,220 39 dia
(11.9)
23. Douglas-Santa 1963 1,507 1,695 29 dia
Mcni ca (11.9)
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Jo3.1. L0 HEATERS AND THERMAL CONTROL- Elevated temperaturc environment up to
3,000°F (16b60¥C) can most satistactorily be simulated by quartz infrared heat lamps.
For thermal environments in excess of 3,000°F (1660°C), graphite resistance heaters
will be used. Ignitron power controllers will be used to regulate both the quartz
Zuamps and graphite heater curves.

A vost curve (Figure 2-10) was developed from an analysis of heaters requircd
to produce a given heat t'lux per square foot of area and wus used to establish
quart: heater cost. Graphite heaters were specified when heat flux requiremencs
excecded 110 Btu/rte (1.24 x 10° W/m<) and were priced at $12,000 per square toot
($130,000/m") of test article area. Thermal control consists of a programming cupa-
bility and a temperature recording/controlling capability using 250 kW ignitron
wits. Costs are five thousand dollars per channel of thermal control taken from
recent MDC purchases plus heaters priced as previously discusscd.

2.3.2 OPERATING COSTS - Operating costs cre estimated by determining the quanti-
ties and costs of staffing, energy, consumables, and maintenance required to operate
a particular facility as a function of test time, occupancy hour, or per year. The
Suidelines established to assure compatibility between the individual facility opera-
ting cost estimates are:

(a) The average energy rate for facilities to be located at AEDC is 6.15
mills per kiiowa't-hour. This rate is based on an analysis of TVA billing to
AEDC and includes usage, demand, and transmission charges.

(b) The average energy rate for facilities not located at AEDC or inside the
TVA power network is 8 mills per kilowatt-hour, based on MDC billings.

(c) Those facilities requiring an independent energy source for a particular
piece of heavy equipment or test apparatus are provided with hybrid power plants
combining GE TO00 gas turbine generator sets and an exhaust temperature heated
steam turbine generater at a cost of T mills per kilowatt-hour including mairte-
narce and fuel., (Acquisition costs for such power units are included in the
facility acquisition costs.)

(@) Mechanical equipment and rotating machinery maintenance costs are $1.12
per horsepower per year ($1.50 per kW-year). Maintenance costs for electrical rotat—
ing equipment are estimated as one percent of the first cost per year. These costs
include operating lubricants, miscellaneous operating supplies, and repair material.
Maintenance labor is provided for under (f).

(e) Fach facility is available for one 8 hour shift per day or for 2000 hours
per year.

(£) Staffing is estimated at $20.00 per manhour for all grades of labor and
includes direct and indirect costs.

(g) Consumables (cryogenics, carbon, jet engine fuel, ete.) for each facility
are provided at current market prices and in quantities dictated by test opera-
tions.

MCDONNELL AIRCRAFT
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FIGURE 2-10

QUARTZ HEATER COST AS RELATED TO TEST ARTICLE HEAT FLUX REQUIREMENTS

Quartz Heater Cost — Dollars Per Sq. Ft. of Test Article Area Heated
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Application of these guidelines tc¢ the facilities results in:

The following
relationships which were used to calculate nperating costs:

l. Energy Costs

Energy Cost _ . _
Occ-Hour - Pmaximum’ (UR) (UP) (“P) (2-1)

Where:

P . is the maximum power (kilowatts) required for facility
maximum
operation

UR is the test utilizatior factor = truntgec

Up is the power utili.ation factor = Favg/Pivailable
Rp is the cost of enexrgy in dollars per kilowatt-hour

For impulse facility operation, such as GD-T, it is easier to calculate energy
costs on a per run basis as different systems (resistance heavers, booster
numps, compressors) are operated individually and concurrently for varying time
spans to prepare for each run. Equation (2-1) then becomes:

n
Energy Cost . .
Run py %1 Pipax Ups Bpi (2-2)
i=1

Where:

i Refers to the particular system

n Is the number of systems used

ti = time that system i operates for one run

Energy cost per occupancy hour for impulse facilities is calculated by
multiplying the cost per run by the average runs per occupancy hour.

MCDONNELL AIRCRAFT
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C-nsumable Cost
= (W c ) -
Ccc-heur (“max) (cur) (Ur) (Uc) (Rc' (2-3)

wmax is the maxizmur consymable flow rate

A~ount Heqg'd

CUF i3 the consumatle utilization factor = —
Amount Used

(for cryogeaic fluiis)
U, is the test ulilizetion factor = trun/toc;

U is the asverage consusable flow rate/maximum {low rate.

o is the unit cost cof the constzacle

Maintenance Costs

(2-1)

. . .= < . Ie
Mzintenancz Cost - “aintenance Parts Cosi/Year

Occ our 2000 UF

SO cqs ems . Total Tacility Cccupancy
Un 1s the facility Utilization Faccor = = - BCL 1LY eC o
r y v Tctal Availevie Tine

Staffing Costs

Where:

Staffing Cost _ 20 (i) (

(2-5)
QOcc-Hcur s ﬁi“)

Ng is the number of direct staff and 20 is the $/man hou- cost
~f labor including direct and indirect costs.

Tue vsilizatior factors and parameters as-o>cisted with each of the equations

must be determined as - finction of *h2 tes* ccineduie and test operations
planned for each facii:. . HYF8T giound facility operating costs were cal-
curated using rquatiems {Z-1) th-sugh (2-5) and assumed utilization Tactors
and parameters based cz h.ostorici. test activities.
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The power utilization ractor and test utilization ractors are functions of the
distributicn of the power required during a test program and the efrectiveness of
utilizing the available occupancy. These parameters can have wide variations in
magnitude and seldom approach unity in value. Most of the historical data usedl as
a tesis to estimate these factors was obteined from the fAirnold Furineering De-
velopment Center (A.E.D.C.) cperating contractor (ARO Inc.) Plans Cffice. The
Tellowing sketeh is & representation of Lypical power requirements during a test
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2.5  DIVEICTMELNT ASSESSMENT $ROULD RULES

Each ground test facility is evaluated with respect tc the degree of technical
risk present. This evaluation is done in terms of cenfidence level, as was done
n Fhese I1I. Wwhereas, in Phase II. a confidence level was assigned to the entire
Tacility, a more sophisticated analysis was done in Phase 1II. Confidence levels
r eazh major facility component or system were assigned, and the composite
cility confidence level was calculated by the weighted average of the individual
system or component ccafidence levels. The weighting factor is proportional to
*tue cost contribution of the individual element to ti.e ccmpiete facility cost.

~

~

TR AN

2
o}
2.

CLF = Tacility cocmpesite confidence level
C, = lonfildence level of element i
K, = Welghing factor element i = . of element i/total facility :ost
-
% = Lumter ot facility elements
Fel n
so: Cl. = I X, CL { £ X, =1.00)
3 . i . i
I=1 i=1

The chesen weighting methed assures ihat the individual confidence level contribution
oI eacihi element is scaled prorortionally to its cost contribution ard, presumably,
Importance. It should te noted taat the confidence level of estimated costs are
prorortional to the technical confidence level since,as the element or facility con-
*iderce level decreases, more and nore experimental or develormental prototyre work
Iis reguired, arnd the iikelihood ¢f unplanned extra costs or delays, or vossible re-
cesign or selection of substitute techniques increases. o concrete relationship
between confidence level and cost uncertainty can be developed, but an appreciation
of relative cost certainties between the various estimated facilities can be gained
ty comparison of their facility confidence levels. Conidence level definitions

are listed telow. They include the premise upon which the ratings are based, as
well as an appraisal of the types of problems encountered, develcpment required, and
quality ol cost estimates at each level.

o Level 5. This level assumes all of the hardware necessary for the facility
test leg, systea, or compcnent i- avaiiable in industrial usage in the size and
perfcrmance levels necessary to satisfy the facility requirements. In assembling
any ground research facility of the comglexity of those in this study, even though
2ll of the individual components onerate to specification, the systewn interactiomns
will vroduce functional problems which must b2 solved before compicte facility or-
eration is achieved. These prcblems are not nezessarily minor in nature and can
require a significant time period, and/or replacement of equipment to remedy the
situation. For this case, the confidence that the operational goals will be met
ard the facility will function as specified are excellent. The de-bugging of the
rroblems that occur during facility shakedown wi’l occur regardless of the technical
risk associated with realization of the specified performance. This level repre-
sents high confidence and low technical risk with the probiems arising from normal
construction/fubrication sources rather than noa-reslization of equipment design
goals.
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¢ Level 4. This level assumes that all of the necessary hardware ic develcred
nd in industrial usage, but not quite at the size and/or performance levels re-
uired, necessitating a reasonable extrapolation of existin~ exrerience. In zddi-
ion o the expected integration nroblems associated with Level &, there iz an ad-
itional risk that some of the equipment may not initizlly attain thelr performance
ozls, rcquiring -dditional development time. The confiderce associated with
chisving the desired goals at this confidence level is stiil higl, although the
rotential to encounter additional development vroblems is rreater. Attention to
small Jetails and prototype gualification can reduce these risks if the acquisition
schedule peraits.

FE TR it S )

T

3

o Level 3. This level assuues that the principles of cperation of the facil-
ty or system have been verified in smaller scale existing facilities =nd indus-
rizl equipment, so that there is no technical reascn whicl. would prevent attain-
meni of desired goals in all equivment functions as desired. The hardware is of
such a size and verformance however, that new designs and/or concepts are necessary
to surrly *he needed conditions. For this level of confidence, without an equirment
devalorment program, the confidence in initially achieving the specified reriormance
goals is greatly reduced from ZLevel 4. Some problem areas may require only minimum
develorment programs, but those associated with large, high performance hardwere
cculd reguire a sutstantial development program.

¢t e

~ development rrogram of this scope may irn:vezse the hardware costs be-
tween 1.5 to 2 times the initiel estimated acquisition costs. The confidence
level is high that the specified performance of the over 21l facility or system will
t2 attained, but its attaimment is devendent or an adequate development program.
agein as in Level 5, the ever vresent integration pretlem must te considered.

o Level 2. This level represents a situation znalogous to Level 5, in that
most of the support equiprment exists in the size and rerformance necessary to
acaieve the over all performance. However, the technical priuciples associated with
the facility concept and/or design .epresent new apprcaches and techniques not vre-
viously applied in the proposed ranner. For this level a developmen* program is
secessary to acguire the nessary details to correctly specify the support equipment
as well as demonstrate the operational suitability of the concept. Providing the
supporting equipment specifications do not materially change, then the primary ad-
ditional costs will be in developing the new designs. This could increase the cost
of the individual components by as much as : factor of 5, but the total impact on
the overall costs would be substantially less, perhaps similar to Level 3. Since
the basic principles underlying the facility concept need verification, the level
of risk is hkigher than that associated with Level 3. Failure to veriiy the design
concepts would require reassessment of the facility feasibility or necessitate
development of satisfactory alternate design concepts.

o Level 1. This level assumes thet the facility concept proposed is based
on theoreti~zl analyses and has not been demonstirated in actual hardware at the
performance levels and size proposed. This represents the minimum confidence level
and greatest technicel risk, requiring development of a prototyve system to verify
the conceot as well as development of the necessary support eguipment for the “ull
scale facility resulting frcm the prototype tests. Even with a prototype vrogram,
irtegration of hardware into a complex facility array while developing the tasic
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facility concept itself could result in very cos:ly additional development prograas
and deisys. For this level the final cost of the facility which achieves the spec-
ified design goals could appreach 5 to 10 times the initial estimated cost if
significant development probleus are ercountered. This level represents a high
risk, with a high vrobability tnat serious problems could be encountered.

It is of interest to identify the facility components which contribute the
majoriiy of the technical risk inherent in each facility concept. This can be
done quantitatively by noting that the confidence level is inversely propcrtional
to the level of technical risk. The technical risk factors arc related to the
confidence levels as follows:

CL TR
b 1
L 2
3 3
2 3
1 >

A composite technical risk evaluation can be made for the ertire facility by the
ssie procedure used for the composite confidence level, that is, weighting the
individual values by the cost fraction of the individual facility element and
summing. These values are tabulated in terms of the percent risk contribution
to the total facility technical risk.

2.5 GROUND RULES FOR THE ASSESSMENT OF SAFErY ASPECTS AND CONTROL SYSTEMS

The facilities considered in this study utilize high pressure-high temperature
air at extremely large flow rates which means that careful attertion and considera-
tion must be given to the protection of personnel and equipment. The design of any
of these facilities must recognize and provide for off-design conditions which may
be encountered in the varicus components during test run preparation, actual test
running, and run abortion or emergency shut-down.

To systematically prepare facilities of this nature to a run condition involves
the establishment of detailed operating procedures and interlock circuiis, not only
for the test legs, but for the entire system, including observstion and data ele-
ments. Each component of a given facility must inciude elements which sense con-
ditions indicating thet the component is not ready for a test run. During design,
it is then essential tv establish the off-design conditions and compatible sensors
or monitors which can be combined into an integrated system whose output can be
used to prevent or chut down a run. Gernerally, the gas dynamic facilities, being
less complex than the engine facilities, will require operating procedures and
permissive circuits smaller in scope and complexity but complete in terms of safety.
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The difference between an off-design loading and s safety hazard load is a
matter of degree. ©OSafety hazards can simply be conditions which, if left uncor-
rected, will lead to excessive loads. The primary safety requirement is therefore
to sense an impending off-design load and prevent it from becoming excessive. 1In
some cascs, this is not possible, due to time or other factors relating to the
specific corponent, and the only recourse is to relieve the excess load berfore it
becomes large enough to cause damaga. It is therefore necessary that each component
be studied from the off-design standpoint as well as from the stated design criteria
standpcint to assure thet a safe design results. Defining or describirg what can-
stitutes safe design is not possible exceont with respect to the design details of a
given component. The purpose of the following paragraphs will be to review some of
the grreral factors vhich must be considered in arriving at a safe design for a tun-
nel circuit as a whole and for individual components.

Personnel safety problems should be at a minimum for these facilities during
the actuzsl test cycle since the test areas will be evacuated. The primary safety
task for actual fe :Ility runs will be to make absolutely certain that personnel
are not inedverter¢ly left in the test ares during a run. The test area should be
equipped with a loud speaker system and warning horns to relay test area evacuation
commands. In addicion, the facility condition should be presented by a series of
colored lights morntad throughout the facility.

Access to remote areas of the facility such as fuel storage areas and the
interior of exhauster ducting, mufflers and large diffuser sections must be con-
trolled. This can be accomplished by including the keys to these areas in a plant
interlock system which would prevent initiation of tunn.l opsration until all keys
were returned to their interlock panel.

A system of personnel safety switches should be installed throughout the hazard-
ous urees of the facility. In the event that an individial was inadvertently left
in a hazardous area after the test area evacuastion command, these switches could be
used to prevent further tunnel operation.

Serious safety kazards may arise due to the noise generated by =xhausting the
tunnel flow to atmosphere. UPersonnel should be prohibited from the areas of most
intense noise generation. The control building and rooms should be designed to
minimize outside noise interference.

The potentially very large energy levels of sound generation will elso prr sent

serious ¥ 2 te the tunnel equipment. The sound and vibration mey be transmitted
thros -« = “s» ‘i by the ducting and support structure. Tunnel egquipment
shoid .. nr ' zounted such as to reduce the effects of the high sound
lev °

. e + safety hazards will utdoubtedly occur during normal model
S (R R & x+ . preparation and maintenance, These facilities do not create
st et d . - ° *a 77 1articular?y unique in this regerd. Standard industrial
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safety practices should be adequate for personnel and egquipment protection when an
actual test is unot in progress.

It would ve exceedingly difficult and impractical to instrument these facil-
ities to monitor all possible trouble spots. General areas of all facilities
should therefore be provided with television coversge during a run. The television
cameras should be remotely controlied and should be able to provide a picture of a
general facility area or obtain a closeup of any desired tunnel component. Tele-
vision coverage of the test article will naturally be necessary, but additional
cameras should also be considered for observation of the heaters, nozzles, diffusers
and specific spray ccoled items. Television coversge of these facilities, espe-
cially the engine facilities,will probably be more extensive than current similar
operations simply due to the relative size and the requirement that personnel evac-
uate the test area.

For facilities of this nature, it is necessary to establish a process control
system which is normally limited to those controls necessary to establish,
maintain, regulate and stop the flow. The process control does not include model
controls, data acquisition or control of the auxiliary support system such as
veter treatment, air storage systems and exhauster systems.

At the high flow rates which are anticipated for these facilities, it will he
necessary to minimize the time required to establish test conditions once the cycle
has been initiated. An automatic control system which performs the start sequence
in a preprogrammed order will keep the required start time to a minimum. To assure
that the critical tasks associated with starting and stopping are accomplished in
the proper sequence will require a system of interlocks. These interlocks must be
operative in any mode of control, automatic or manual.

The interlocks incorporated into the process control system are inteunded to pre-
vent the initiation of a facility start before all systems are in proper configura-
tion and before zli necessary supporting operations have been carried cut. The in-
formation regard:ng which steps have been carried out in a prerun process should be
quickly available to the tunnel chief operator. One method of presentation would
be a lighted annunciator panel which contains each of the necessary prerun inter-
locks on a small lighted segment.

The irterlock: -ould be both manual and autoriatic. The manual interlocks
would consist of a switch which would be placed in the run position onlv after its
associated task nad been comploted. The manual interlocks would be used primarily
for tasks involved in selecting the desired run corfiguraticn. Manual interlocks
would be simply an electri: illy operated check lis®, but they would have the merit
of being in the critical pa.h of the tunnel operational sequence. The tunnel could
not be operated until the interlocked tasks had been accomplished and the prcper
switch thrown. Manual interlocks have the serious ®ault that the switch might be
inadvertently placed in the run position bvefore the associated taks had been accom-
plished. This possibility must be avoided by careful ettention to the verification
of all control operations by the chkieZl operator.
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Automatic interiocks are those which are govewned by exter.al sensors or trans-
ducers. The automatic interlock would be contrc¢ .od by the signal supplied from the
external source. This type of interlock should also be incorporated into the s.-
quencing system to ‘nitiate an automatic shutdown procedure if one of the sensors
indicate an ursafe condition.

Interlocks can be divided into four general classifications: configuration,
auxiliary system, opereting and perfoimance monitor. The following is a general
description of each classification.

Configurction Interlocks

Configuration interlocks are thrse relating to the selection and verification
of the proper operating conditions of such items as air supply, exhauster plant,
cooling water, heater and fuel system. Most configuration interlocks are manual.

Auxiliary‘System Interlocks

Auxiliary system interlocks are those which verify the status of the support
subsystems relating to facility operation such as stored cooling water level,
barometric well level, demineralized water supply hydraulic supply pressure and
data acquisition system. Most of these interlocks are automatic.

Operational Interlocks

Operational interlocks are those which relate to the process and operations
necessary to get the facility started. This group of interlocks is normally the
largest in numoer and are automatic. Typical operational interlocks are: safety
areas secured and locked, combustible vapors not present, test cabin closed and
locked, diffuser cooling water flowing, nc==le cooling water pressure set, heater
stack valve closed, electrical heater cooling water set, and refractory heater re-
heat system secured.

Performance Monitor Interlocks

The performarce monitor section of an interlock panel is intended to show any
unsafe condition which may develop after the start and run sequence has been ini-
tiated. A1l interlocks in this group would be governed by external sensors and
transducers. When an unsafe condition develops, an interlock is actuated and a
control sequencer is automatically switched to an emergency stop mode. Typical
performance monitor interlocks are: nozzle throat temperatures, mixer pressures
and temperatures, AP across a refractory heater bed, diffuser temperature, heater
pressure and model or model support temperatures.

The method of operation envisioned for an interlock annunciator panel is for
the tunnel chief operator to first clear all configuration interlocks. The manual
interlocks are cleared by verifying or setting up a certain condition and then
throwing the associated interlock switch. The automatic interlocks will clear
themselves as their associated system is put in run condition.
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The auxiliary system interlocks are cleared after the configuration interlocks.
All auxiliary system interlocks are automatic with the exception of Data Acquisition
Systems which could be manually cleared by the lead instrumentation engineer.

The chief operator next checks and clears the prerun operating interlocks.
Personnel may be in the test svea until a Test Building interlock is cleared. The
facility may be held for extended periods after the prerun interlocks are cleared
if it is necessary to wait for power, water or plant exhauster support. Long "hold"
periods may, however, reduce the outlet temperature of facilities which contain
storage heaters in the system.

2.6 CONSTRUCTION TECHNIQUES

The development of techniques in the areas of field fabrication and assembly
may well be prime considerations in the determination of facility schedule and
cost.

A large portion of the fabrication will necessarily be accomplished on-site
and consideration must be given tc the determination of weld integrity and the
Tinal procf testing of pressure vessels utilizing hydrostatic or penumatic pressure
testing techniques. If hydrostatic test procedures are to be employed, the above
considerations should be injerted into the design early, such that provisions are
made for additional bulkheads and support structures to cerry the water loads.

The erection of any of these facilities will require use of crane and hoist
equipment. Some of the facilities, such as the turbomachinery and scramjet facili-
ties, which have large test articles and many large piping configurations will re-
quire permanent hoist equipment to allow timely configuration changes and mainten-
ance to the facility. These requirements should be coordinated during the design
phase and in evolving the construction plan.
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2.7 GENERAL SITE CONSIDERATION GROUND RULES

There are two asve ts to this section: first the assumptions made concerning
the degree of site development existing at the time of facility fabrication, which in-
fluences the acquisition costs, and second, the factors which should be considered in
the selection of the facility site and in the integration of the facility into
its surroundings.

The first aspect of site ccasideration assumed that suitable locations could
be found at existing government facility complexes and there was no requirement <o
develop a complex where one does not presently exist. Based on this assumption the
following ground rules were applicaole %o the development of facility acquisition
costs in terms of site preparation.

(a) The real proparty is owned and available from the government.

(b) Generally a large quantity of electrical power will be available. Ad-
ditional power requirements willi be provided by running in high voltage power lines
transformed at a switch yard, located at the facil:ty site, to 15 kV. The costs
associated with this additional power can only be estimated after a particular site
is selected. Payment to the utility company for the cost of running in the ad-
ditional transmission lines will probably be in the form of an amortized monthly
charge, so that the operating costs rather than the acquisition costs will be af-
fected.

{(c} The amount of earthmcving and excavation assumed an unprepared site with
some removal of foliage. The amount of excavation is a function of each facility
concept requirement.

(d) A source of cooling water, and a location for proper disposal of the
heated cooling water is in existence at the government facility complex.

(e) Ho provisions are made for access roads, feacing, and utility supply ex-
cept adjacent to the particular facility site.

The second aspect of site consideration concerned the ground -~ules associated
with selection of a site suitable to accomodate the specific facility. The factors
which were considered important in determining a suitable site were:

(a) Availability of needed electric power - Because of the magnitude of the
pover required for mcst of the candidate ground research facilities (exceeding
1,000,009 kW),this could have a major impact on the acquisition costs if the local
utilit network could not supply the required power. TIn this case, on-site, facility
owne. generating ecuipment, in excess of that glready contained in the individual
facility cost estimate, would be necessary.
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(b) Cost of electric power - As discussed in Section 3., even if the power
were available, the electric power costs carn vary by over a factor of three just
due to geographic considerations, not including variations in demand charges with
locale.

(c) Availability of needed cooling water - The large amount of cooling water
required, particularly by the engine research facilitics,means that an independent
water supply, speciriecally provided for that purpose, not dependent on local rivers
or lakes be provideo. This is especially true when consideri..g the thermal con-
tamination possible by the used cooling water. Sites having such an arrangement
would be a primary consideration for the engine research facilities. The cost of
providing such a system would have to be added to the facility acquisition costs if
not available at the selected site. For the other ground research facilities the
cooling water requirements probably represent no greater a requirecment than cur-
rently exists at present research facility complexes.

(d) Land availability - Here the context is land availabiiity within existing
government facility complexes.

(e) Access by road, rail, and water transportation - The snipment of out-
sized cargos during facility fabrication makes this an important consideration.
Cost estimates were based on the assumption that sufficient transportation existed.

(f) Soil characteristics and bedrock depth - ALl of the caudidate ground
research facilities, and especialiy the structures facility, will require favorable
soil bearing strength, and reasonably close bedrock formation. Alluvial soils and
marshlands could very possibly not be suitable for facilities of this type and
careful consideration chould bte given to increased coste which may result from
unfavorable soil conditions.

(g) Availability of ie:ztnically qualified labor

(n) Availability o' normal support services, such as plant maintenance,
model making facilities, machine shops, general purpose computer capability, in-
strumeuatation and calibration groups.

(1) . lability of major services or equipment, that is, the proximity of
other research facilities with compressors, exhausters, water, and electrical
power svailable so that a long term breakdown of facility hardware might be shunted
around using another facility's services to maintain limited orerational capability.

(J) Need for remote site locations - The rossibility of high noise lavels
and safety hazards may precluue the erection of these facilities near populated,
incorporated areas {see appendix A). Consideravle additional cost could be en-
cour 2red by incorporating these facilities in s heavily populated ares.
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(k) Effect of facility c.. local ecological balance - The candidate ground re-
search facilities refined in Phase IIT of this study are generally of a me jmitude
seldom attempted for research facilities. However, the analysis of the Research
Objectives pcints up the fact that large facilities will be required if the sizable
aircraft systems postulated in the nine potential operational hyperscnic aircraft
are to be an eventual realivy. Serious degradation of the local ecology and the
physical environment of its humen inhabitants could ocerur because of the lar~e
power requirements, mass flows, and ccoling reguirements of these facilities if
special considerstion is not given to the facility sites and the impact of the
facilities on their surroundings. Therefore, general site considerations should
consider the entire facility complex as the effect of the influx and outflow of
materials and power on the surroundiag area. There appears to be sufficient tech-
nical expertise available that an’s of these majocr experimental - - -carch facilities
could be integrated into their respective sites withcut damagine ihe surrounding
environment or imposing unacceptable conditions on the adjacent inhavitunts; pro-
viding the total system is considered.
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2.8 CENERAL FACILITY ACQUISITION SCHEDULE CONSIDERATIONS

There are many factors which influence the schedule on which mai~r facilities
caen be acquired. These factors can be usefully separated into two °~ wsic categories:
(1) those related to policy and fiseal planning, and (2) those related to the design
of the facilities. Only the latter are considered here.

A primary objective in designing the HYFAC facilities was {o stay within the
state of tke art which could reasonably be expected to exist in the mié-seventies.
As a result no technological breakthroughs appear required; however, new applica-
tions of existing know-how are anticipated. Examples of the latter are (1) the use
of combustor technologr, which exists in industry. in the different environment of
an aeronautical test facility (as in E9) represents a new application, and (2) the
field fabrication of extremeiy large pressure vessels represents a growti applica-
tion of an exizting technology. There is no real question of feasibility in either
case, the necessary equipment and techniques having been demonsisated by previous
actual applicstion.

This transfer and growth of technology represents the major development activity
required for these facilities. In some areas, involving s *ransfer of technology,
the development activity should be concurrent with the evolution of the design of
the facility. This is necessary in order that this process be completed at the Ltime
taat contracts for the facility are let so that competitive pricing and reliable
schedules can be obtained. The development of growth areas will, on the other hand,
take place almost entirely during fabrication and construction. It will be the
result of the need of the contractor and his associates to develop the capability
to do a sought after job and to minimize their costs in doing it. One of the most
difficult aspects in designing advances in the application of the state of the art
is the assessment of what quantum step is practical and useful in any given case.
The final decision involves close iizison with manufacturers, fabricators, and con-
structors in general. The problem is often complicated by the fact that the most
advanced and rapidly advancing capabilities are proprietary in nature - this may
well be the case in the snecific areas of combustor technology and pressure vessel
fabrication techniques. To achieve the best possible facility, arrangements for
incorporating proprietary hardware and skills should be rzcognized and resolved
early in the facility planning.

The basic elements of the zcquisition pr-cess are essentially as follows:

Preliminary Studies

Pefinition of Specific Facility Performance and Construction Concepts
Development of Design Criteria and Cost Estimates

Preliminary Design and Cost Estimate

Final Design and Cost Estimate

Definition of Bid Packages and Conctructicn Plan

Letting of Bids

Prelimin--7 Site Work and Shop Fabrication

Field Fabrication, iInstallation, and Final Site Work

OV o-lowmeswh-
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10. Dermecnstraticn Tests un Conponents

11. Demonstration Tests of Subsystems

12. Jverall Facility Demonstration Tests

13. Ogeration of the Facility for Calibration andé Shekedown.

These categories are essentially the same for all of the facilities studied.
It, therefore, should ke noted that, concurrent with the design, the developzent
worx related to the transfer of technclogy must te resclved; and concurrent wiilh
the Zesign and constructicn of the operating mwethodology must be datermined and

the opera*ing steff assextled.

The calendar schedule for the facilitiec studied is necessarily based on an
extrapolation of past experience. Consideration wes given to tho available growth
in technology which can be zpplied to their design snd fabrication. The use of
special skilis which are of limited availability must be anticipated and be re-
flected in tne acquisition schedules, i.e., the schedule cannct be substaatially
reduced by assembling a very large team -~ at least not withcut attributing something
of the order of & national prinrity tc the effort. A reasornatle and typical sched-
ule for each of the Tfacilitlies refiIned in Phase III is shown in the appropriaic
sections cof this volume.

The guestion of the iuteraction of these facilities on the.r schedules if
they were 211 to be deve'oped concurrently instesd of consecuiively is alsc of
interest. The level of effort regnired for the design - something on the order nf
300 man years just for :he test legs - is such that several engineering organiza-
tions would have to be involved in order to bring both the necessary quality and
guantitv of effort to bear. Assuring site planning and work would have to be co-
ordinated, the effect would te to streten the schedules slightly, but again the
chenge would most likely te within the built-in error due to the vagaries of the
econory, unforeseen changes in emphasis or details, construction prccedures, labor
performance, etc.
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3. YOWER SOURCES SURVEY

The ground research facilities investigated in the HYFAC study required
wooying magnitudes of electrical and mechanical shaft powers. Moust of these
requirements exceeded current individual facilty and some facility complex power
requirements by a considerable margin. In Phase II the problems associated with
the pc.er density and maximum power levels of individuzl components was addressed;
and in Volume III, Part 1, the mechanical complexity of obtaining a siigle high
shaft power output by coupling meny individual units, in a sometires limited space,
is presented. fiside from these considerations it became apparent in the course of
this Phase II «<ffort that the necessary electrical input might not be acquirec by
straight-forward purchase of power, when the complete facility requirements were
considered. Discussions with utility companies and users of large quantities of
electrical power led to the development of alternate approaches, reflecting differ-
ent acquisition and operating costs. This section presents th: results of that
investigation and the portinent factors which thould be consiGered in planning
the acquisition of ov=r 1,000,000 kW of power for a single fzcility.

The scope of the power acquisition survey is shown in Figure 3-1. Since the
generation of electrical energy rormally requires a shart irput, the study con-
cidered twc primery power inputs, mechanical and electrical.

Although considerable research is currently underway in the development of
fossil fuel fired, seeded, magnetohydrodynamic (MHD) generators, no reasonable
estimation of acquisition schedules or costs conld he mzde for the gquantity of
pover considered in trkis investigalion. The sole source o f electrical energy
considered in this investigation is a mechanically drivea generator. Because
constant speed operation is not satisfactory for all <che randidate ground research
facilities, the implications of variable speed drivey zxre also assessed.

The large power required could represent a majcr poertvion of the power
generated by even the very largest electrical networks, =-d therefore, having the
utility resexrve a block of power of that magnitude exclus vely for the use of 2
ground research facility would be very cestly, if not imp ssible. The
dominating factor is that with the growing demand ‘o ele.trical vower for heatinc
purpose - there are now winter peazk demands as well as the usual summer demands
brought on by the airconditioning requirements. Thes: demands eaual or exceed the
continuous generating capability in many locales, and for %this reason many public
and govermment utilities are installing various intermittent power generating
schemes which can be used to meet diurnal or seasonal derards. The general recom-
mendation of the utility companies was that large demaris which are not reauirec an
s regula~, high usage btasis should probably be supplied by on-site generating eajuir-
ment owned by the facility. This factor presents an attractive potential fer
reducing facility or rating costs. If the utilization »f the ground research facil-
itv permits, the onsite generating plant could be used "o supply power to the
public utili+ for peask demands that might not be met b, its own equinment or
network.

Essentially, three categories of generator input skafr pcwer wore exumined,
as shown in Figure 3-1.
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The gas turbine drives are generally aircraft gas turbine engines modified for
censtent speed gas generator operation suitable for ground overation with a free
turbine stage added =t the engine exhaust to provide the shaft outnut power. sed
on existing aircraft gas turbine ergines,powers from a few thousand kilowatts to
nearly 80,000 kilowatts per machine appear possible.

The steam turbine plants are conventional plants with « .her a fossil fuel
Tfired boiler or a nuclear reactcr as a steam supply. As is the practice in
current plant systems, supplemental generating capability represented by gas tur-
bine driven generators can be provided to meet peak demands.

The hydraulic plants are rerresented by continuously overating hydroelectric
cenzrating equirment located at dam sites fed by a tributarv system of rivers and
watershed runoff. For preaking demands the pumped storage system represents an
intermittent operating cavacity. In this case,excess generating capacity during
off-hours is used to pump water into a storage reservoir. When the peak demands
exceed tie generaiing capability, the stored water is permitted to flow through
wa“er turbines driving generators, providing additional capacity for a duration
coasistent with the volume of the reservoir, and reservoir leakage rates.

The follewing sections discuss the acquisition costs and overating costs for
these various systems as well as discussing some of the factors related to the cost
of buying electric power from a public utility.

3.1 ELECTRIC POWER SURVEY

This survey was made to determine the cost of electric wnower in various regions
of the United States and the costs associated with various methods of generating
tower on-site for HYFAC Ground Research Facilities. A survey of purchesed power
costs in various regions of the United States is presented in Figure 3-2 and Figure
3-3 shows the factors and considerations involved in establishing these rates.

Some of the differences in power costs shown in Figure 3-2 have to do with
geozravhical povulation and regulatcery factors. The costs of pcwer in the north-
east corridor are higher than the other geographical sections of the United States.
One factor, for example, which influences the cost is the requirement of exclusive
use of underground wiring as in Manhattan, Wew York, and Washington, D. C. Gener-
ally where a major vortion of the electrical rower is supplied from hydroelectric
plants as in the northwest, the power costs are less. Figirce 3-2 uses 250 kWh
as a basis for establishing costs so that there is no influence of demand charges
reflected in the cost figures shown in Figure 3-2.

Figure 3-3 represents an attempt to reflect the many factors which contribute
to the final user rates. In the context of the utility company terminology, demand
charges represent a pavment to the utility for reserving a power capability for an
individual user. This is expressed in a maximum power level required in kilowatts.
There are many schemes upon which demand charges are based. A few cf the more common
are:

o Dbased on the peak power level demanded in the previous month

o based on the peak power level demanded in the previous month. If this
level exceeds current demand level reserved by the utility, a new

MCDONNELL AIRCRAFTY
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plateau will be established on which charges are based. Under-usage
does not reduce charges.

o based on predetermined maximum and minimum power demand levels.
Payments are never less than demand charges for minimum power level
reserved.

o based on demand level over a fixed period of time, such as 3, 6. or
12 months.

Although the basis for establishing tlie demand charges varies, the payment: are
required generally on a monthly basis, equal to the demand rate times the peak
power reserved.

In general, as the usage of the high power level diminishes and the utility
must reserve large blocks of unused power for only occas:onal usage. the demand
charges increase rapidly. A typical example would be a regular user of a large power
level who may pay only $.90 to $1.00 per kilcratt demand charge per month, for
reserving that power capacity. For the same power demand a user which requires
that peak power only occasionally could pay as high as $4.00 to $5.00 per kilowatt.

The basic energy rate is of course based on the total kilowatt-hours deliv-
ered to the particular user, and is usually structured sc that the larger users
pay less per unit energy than small users. This cost is »rincivally based on the
cost of producing the electrical energy.

The up-and-down charges represent an additional factor which, although a
capital investment for the utility company, is reflected as a monthly charge to
the user. These charges represent the cost of running transmission lines to the
facility site,amortized over a suitable number of vears acceprtable to both utility
and the user. Should the user terminate operation prior to the end of the amorti-
zation period, he would be liable for the unpaid balance of the transmission line
costs.

This investigation also examined the investment cost and production exnense
o generating power by:

¢ Hydroelectric Plants
o Pumped Storage Hydro Plants
o Conventional Steam Plants
o DNuclear Steam Plants
o Gas Turbine Plants
The results of these investigations are summarized in Figure 3-4 and the general

trends of investment costs and production exvenses as a function of installed
generating capacity are shown in Figure 3-5 and Figure 3-6.

MCDONNELL AIRTRAFT
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Investment Cost — Dollars per Kilowatt of Installed Generating Capacity
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FIGURE 3-5

ELECTRIC GENERATING PLANT INVESTMENT COSTS
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Production Expenses ~ Mills per Kilowatt -- Hour
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FIGURE 3-6
ELECTRIC GENERATING PLANT PRODUCTION EXPENSE
PER KILOWATT HOUR
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Ticure 3 b shows the ranre of investment costs and vrouduction costs associated
t e varicus metheds of feneratine electric power. The range of numters

1e3
ts the wide variaticnrns ressible because of local geogranhical. transnmortation,
d et - Tactors.

#1lsc indicated are the zreas where =z particular type of rower generatirg
iechrisue deminates.

»

Tizures 3-5 and 3-0 present the spvecific cests in terms of vower outout for
i

the Tive iifferent generating techninues. The relative differences tetween acquisi-
Tion and Troduction costs show the trade--offs which are vossible between acguisition
and creratinz costs for a varticular facility. In general those systems requiring

the sreatest acguisit® n cests have the least overating costs., fhe exceDiion arrears

tc be nuclear rower rlants where both costs are currently high.

Thege ourves were vrevared using data published by the Federal Pcower Comriission,

Atcrmic Inersy Commission, WASA, Pratt and Whitney. and Gereral Electric. Specific
ani exvenses will, of courcse, varyv from site to site reflecting differences

materials, encineering. site acquisition cosi, and fuel. The limited
> rrcduction exrense data for nuclear plants and pumned storaze hydro plants
the develorment of rrocduction expense curves for these rvlants. However,
sgme renresentative production exnense points are vlotted for these facility tyves.
The fossil fuels used in the production of electric power are coal, natural gas,
and residual oil. Coal is the prime fuel in most of the nation, except in the socth
central natural gas vroducine area, the Paciric coast region. the urver New England
coz8T and the . lorida rernirnsula. Increasing amounts of western coal are burnecé each
year Trom YNew lMexico northward to Horth Dakota and Montana. Imnorted water borne
residual cil is an importent Fuel in New England,and in Floride it is the orime
tel. Reth natural gas and residual oil are ourned by the Pacific coast nlants.
Raturz: za3 iz 2lco burned as a supplementzl fuel during the surmmer months at
viants near or on *tie route of the large natural gas pivelines when there is little
or no hcome heating load on these lines.

The - izhted average fossil frel costs for the steam-electric generation of
the electric utility industry on the ‘as burned” basis for the years 1960 through
1967 are given in Figure 3-7.

MCDONNELL AIRCRAFT
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FIGURE 3-7
FOSSIL FUEL COSTS HISTORY

for the yaars 1360 through 1967 are given in

Fossil Fuel Costs
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A study of hydroelectric senerating plants revealed that of the majior
drainages, the North Pacific has the largest amount of both develoved and un-
develoved hvdroelectric capacity, accounting for about one-third of the toctal
United States capacity (Figure 3-8). Almost two thirds of the canacity under
construction in 1968 was also in the ¥-rth Pacific drainace.

Uver the vears, hydroelectric plants have provided a substantial but deerlinine
porticn of the nation's electric power supply. In 1968 they accounted for 177 cof
the tctal electric pruvduction and, despite a substantial hydroelectric constructicn
vlant rate, the increasing demands for vower have exceeded the -availatilitr of
economical hydroelectric sites in most varts of the countryv. Those hydrcelectric
vlants designed in recent years have increasingly been designed for vpe_k load
overation. With the trend toward large hydroelectric power installations for rear-
ing purposes, there is also a trend toward larger generator units. The vlanned
enlargement of Grand Coulee will use 600,000 kilcwatt gererator units. In general,
toth the irvestment and operating ccsts per kilowatt of installed capacity for the
powerhouse and cquipment cen be decreased inrough the installation of larzger sized
units.

Investrmect ~osts ger kilowatt for recently constructed hydroelectric nlants
soread over a wide range ircm flant to plant - $113 to $L2L for neon-federal pliants
and $1hk to 3UEF for federal plants. Differences in investmen: cost per kilowatt
reflect not only changes :n labor, materials, engineerirg. and other factors in
construction costs but also the wide variations in type. sire, and location of
vrojects, cost of land and relocation of existing roads and structures.

Annual system hydro oproduction expenses per kilowett-hour ranged from 0.11
miil in the largest of the non-iederal hydroelectric systems tc 1.61 nilis in
enother non-federal system. For the non-rederal systerms. the unit costs in 1067
averaged 0.50 mill per kilowatt-hour (0.32 mill for operation and C.18 mill Zor
maintenance). TFor the TVA the 1967 aver:zge unit cost was 0.¢1 mill per xilowatt-
hour (0.41 mill for operation and 0.20 mill for msinienance). ©Prcduction exnenses
ver kilowatt-hour are cubstantially less in hydroelectric tran in thermal-electric
vlants vrincipally becauze there are no fuel cosis.

Comparing EYFAC Facility cower requirements with site caracities (Fizure 3-9)
showed that in many cas-s the total power required for a grourd test facility
exceeded the cavacity of a site.

Pumred storage hydroelecit>ic generatirny plants are of twe general types:
{1) those in which pumped stcrage facilities are constructed with or added to a
conventional hyvdroplant, and (2) those which are exclusively pumped storage and
generate vower by recirculating the water between an upper and a lower reservoir.
These plants are used primarily as peaking plants and are selected un the basis
of low first cost and the ability to convert low cost uff-peak pumping energy to
higl: values of peax power.

Pumped storage orojects are usually more economically developed at sites havine
high heads. Costs of develooment depend largelyv upon site topogravhy and geo-
logical conditions. Between 1953 and 1959, the Union Electric Company of St. Louis
investigated approximately nine sites with regard to geological conditions. pumping
cycle, upper and lower reservoir capacities, and transmission line distance before
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FIGURE 3-8

CONVENTIONAL HYDROELECTRIC POWER, JANUARY 1, 198,

DEVELOPFD AND UNDEVELOPED
Bv ¥ajor Drainages

UNDEVELOPED

Note - The potentiol of Howaii, amounting to 54,000 kw
'Y\\' of which 19,000 are developed, is not shown
. .

Lo L
By Geographic Divisions CHART 1

UNDEVELOPED

DEVELOPED

Note - The sotential of Hawaii, amaunting to 54,000 kw
of which 19,000 are developed, is not shown.

CHART 2
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selecting and developirg the present Taum Sauk site. Reservoirs, dams, waterways
(tunnels), pump-turbine and motor--generator equipment represented approximately

T70% to T5% of the total facility cost. The limited information available on the
actual end ectimated investment costs for recently constructed and pronosed developn-
dents indicate that economically attractive projects will generally have a cost
range of $70 to $125 per kilowatt.

These power projects may be designed for either a daily or a weekly cycle of
oreration. The latter affords more flexibility in use, however, because of the
ability to do a substantial portion of the pumping during weekends. For every two
kilowatt-hours of energy generated, approximately three kilowatt-hours of energy
are required for pumping. Therefcore, an important factor in considering the
economic justification of a pumped storage project is an economical source of pump-
ing energy. Normally, pumping energy is provided by steam-electric plants.

“onventional steam-electric power plant design and construction advances made
durin- the past two decades are attributable to efforts to decign, build, and
overate the most economical and most reliable generating plants. Larger generating
units have considerably lowered investment costs per kilowatt of capacity and have
reduced production expenses per kilowatt-hour. The use of outdoor or semioutdoor
and unit type (a single boiler for each turbine-generator) construction has also
reduced investment costs. Higher steam temperatures and pressures, and
modern reheat cycles have resulted in better heat rates and consequently lower
kilowatt-hour fuel costs.

However, air pollution, the thermal effects on sources of cooling water, and
the physical appearance of the generating facilities have emerged as major issues
in the cost of steam electric power plants. Because of uiadesirable biochemical
effects of temperature increases on sources of cooling water supply, cooling towers
are now being included in plant designs at sites which in the past would have been
considered well suited for "once through" ccoling systems. Particulate matter and
oxides of sulfur, the principal air pollutants associated with conventional steam-
electric plants, have brought abouta growing demand for very high efficiency (99%)
electrostatic precipitators. The installation of higher boiler stacks to obtain
dispersion of oxides of sulfur and the use of low sulfur fuel are both increasing.
These factors tend to offset some of the savings brought avout by the technological
advances in power plant design over the last twenty years. Fuel costs account for
79% of the total production expenses. The principal component of the remaining 21%
is labor cost,including supervision and engineering. Plant operating suoplies
including lubricants, chemicals, miscellaneous materials, office and other inciden-
tal expenses and maintenance renewal parts and materials make up the balance of the
21%. An increasing number of mine-mouth plants are being constiructed. These plants
provide a substantial reduction in fuel costs by eliminating transportation costs
and to some extent storage costs.

The phenomenal growth of nuclear power since 1960 can be attributed to a con-
siderable extent 10 the trend toward large-size power generating units on large-
scale pover systems and to the fact that the utility industry accepted nuclear
power as safe, reliable, and as the most economic means of meeting a sizable por-
tion of its new power requirements. On 30 September 1969, a total of fifteen
nuclear power plants were in operation with a total generating capacity of 3,851,T0C
kilowatts (Figure 3-10) the largest of these is the 3,195,000 kilowatt Browns Ferry
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Plant of the TVA which is scheduled for completion by 1972. Soaring costs and
construction delays have, however, triggered a few atomic-nlant cancellations, and
in some cases, utilities are instead ordering fossil fuel rlants.

There is also increasing concern over safety, radiocactivity, and thern.l
poliution. Prcperty owners near Commonwealth Edison's Zion nuclear project on the
shores of Lake Michigan have filed suit against the utility claiming the nuclear
vlant would heat the water too much and that radioactive waste would be introduced
into the lake. The Metropolitan Sanitary District of Chicago has filed a suit
against the utility claiming the plant would endanger the city's drinking water.
During field hydrostatic testing of the Cyster Creek, N. J. installation, a leak
was detected in the reactor vressure vessel. Detailed examination revealed defects
in the welds joining the stub tubes to the control rod housing and construction has
been delayed approximately two rears. Construction of the Ravenswood Plant had to
be abandoned by Consolidated Edison due to fierce public opposition.

However, as engineering problems are solved and technolomical advances such as
the breeder reactor become practical, the cost of nuclear plant construction is
expected to stabilize at an average of $150 per kilowatt of installed capacity and
operating cosis are expected to decline to about 4 mills per kilcwatt-hour.

The best prospects for nuclear power lie in those regions where the cost of
fossil fuel is above average. Most major nuclear vplants now being built or
planred (Figure 3-10) are in the Middle Atlantic and New England regions of the
United States where coal transvortation costs are high.

The general conclusion reached was that for the ground research facilities the
power demand is not uniform and in fact could vary considerably in terms of demand
and usage. Any of the steam generating concepts are best for continuous operation
and slowly changing loads. The bringing on-line of a very large steam plent to near
maximum power from a low power idle condition would probably require hours, and from
a cold, unfired condition, one or two days. Since hydroelectric power is restricted
geographically, it appeared that the best scurce of obtaining large power levels on
intermittent, variable power level basis was the gas turbine engine drive. These do
not have the maintenance required during noa usage that large steam plants have,
require virtually no warm-up, and can be brought up to full power in a matter of a
few minutes. Substantially less investment in real estate, building, and equipment
are required compared to large steam plants.

On tnis basis gas, turbine plants appesi to offer the best solution to "on-
site" power generati.g requirements. There are two types of gas turbine generating
units presently in use in the United States, primarily for peak load service. Cne
employs the indusirial type gas turbine that is also used by industry for mechanical
drive purposes. These units vary in size from about ten to a maximum of 4O mega-~
watts. The other uses the aircraft jet engine for the compressor-combustor compo-
nent. Sizes range from 12.5 to 17.5 megawatt units driven by a single jet ergine to
the quite large 115 to 160 megawatt unit which requires eight jet engines and four
turbines or expanders for a single generator.

The tctal United States installed capacity in gas-turbine generating units at
the end of 1967 was 3300 megawatts. By 1970 this capacity had increased to 10,000
megawatts. The ease of obtaining large increments of power without having ‘o

AMCDONNELL AIRCRAFY
3-17
“



REPORT MDC A0013 ® 2 OCTOBER 1970
VOLUME IV ® PART 2

consider network loads, energy absorption capacity in the event of failure, opera-
tional times restricted to oft-peak hours, and demand charges make gas turbine gen-
erator: located "on-site" very attractive. If natural gas fuel could be used, it
is estimated that power could be had for 5 to 7 mills per kilowatt hour including
fucl, maintenance, operators, and amortization.

A4 variant of the gas turtine generating plant is an opuimized combination of a
gas turbine, an exhaust heat recovery steam generator and a steamn turbine for gen-
erator drive. In the gas turtine's combustion chambers, fuel is mixed with com-
pressed air from the comprecsor and burned. The resulting hot gas expands through
the gas turbines, which drives the compressor and the gas turbine generators. Hot
exhaust from the gas turbine is heated by supplemental fuel before entering boilers
where steam is generated for the steam turbine. There are four turbines required
for each plant. Any one of the four gas turbine boiler combinations will supply
sufficient steam to operate the plent at a minimum combined cycle load of approxi-
mately 60,000 kW, For additional output up to the maximum output of the plant,
ajditional gas turbine boiler combinations are put on the line.

To minimize modification to the basic aircraft engine, the ground installation
utilizes the engine as a gas generator driving a free turbine as shown in Figure
3-11. The free turbine could be a specially designed unit or a commercial unit
such as the Worthington ER~2LL twin exhaust expander turbine. Using such installa-
tlons, outputs from 20,000 to 220,000 shaft horsepower are available in single or
dual units.

Data from Pratt and Whitney Airec-aft shows a total of L6L units delivered with
a total of 1,192,310 operational Lours accumulated. Some ¢ the units consist of
eight FThA engines driving four twin expander *urbiaes -n a single shaft. Consid-
ering the 28,000 to 30,000 hour overhaul life of these eng:nes, this is a very feas-
ible prime mover.

Fuels which can be used include Jet A, Jet B, ¥aut'.3, NS2 heating oil,and N22
Diesel Qil. When operating on natural gas, a supply uoessure of 3000 psi (2070 N/em?)
is required because of the engine's compression rati:. 71t is pogsible to operate the
unit on liquid or gaseous fuels and to switch fuels under load using an automatic
duval fuel system.

As presented in Volume III, Part 2, a possible method to attain single unit
power levels greater than those available from current Jjet engines would be to
utilize the SST engine, the General Electric GEL/JSP, as a hot gas source for a
free turbine. This engine has the largest mass flow for a turbojet engine, 633 1b/
sec (287 kg/sec) available today. This engine attached t> a free turbine may be cap-
zble of delivering up tc 80,000 kW of shaft power. This would minimize the numbder
¢ engines required to achieve a given power level.

The acquisition costs have been shown in Figure 3-12 for a number of available
gas turbine systems suitable for ground installations. One system, the General
Electric Series 7000 system,is the largest of a group of direct drive turboshaft
specifically designed for ground installations. Their design, size, and weight
differ considerably from the aircraft turbojets. The Pratt-Whitney ground power
engines are based on the JT3C and JTLA twin spool aircraft turbojets. With a
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FIGURE 3-12

GAS TURBINE PRIME MOVER ACQUISITION COST, PRESENT ACTUAL COSTS

Acauisition Costs, Millions of Dollars — 1970 Dollars
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compression ratio of about 12, th.s can provide about 110 shp per pound per second

mass flow (183 5"5—}'{&). The General Electric LM250Q system is based on the cois

engine of the TF-39 turbofan engine. Removal of the high by-pass fan and having
a compressor with a 29 to 1 presswre ratio provides an outyat of about 160 §2§%§2§

(263 kW}—(sec)
shaft horsepower ($70/kW).

The average cost for gas turbines appears to be about 52 doliars per

Figurz 3-13 presents an exstrapolation of existing data to predict an acquaisi-
ticn cost for a ground power unit based on the GE4/JS5P. This straight turbojet,
with a pressure ratio of 12, was estimated to be capable of delivering 75,000 shp
(56,000 kW) using the performance of the G.E. Series TO0OO engine as a base.
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FIGJRE 3-13

GAS TURBINE PRIME MOVER ACQUISITION COSTS — PROJECTED COSTS
Power Conversion, Shaft Power/Engine Mass Flox
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3.2 MECHANICAL DRIVE PLANT STUDY

This section is a derivative of the Electrical Power Survey, Section 3.1.
Consequently, the discussions in Section 3.1 are also applicable to this area.

The investment costs and production expenses for mechanical drive plants are
presented in Figure 3-1h. Variations of these costs with power is shcwn in Figure
3-15. These costs were prepared from data in Figures 3-5 and 3-6 by deleting cost:
associated with electrical generators. The cost of power transmission gearing and
shafting is not included as this is dependent on the physical arrangement of the
installation. Specific costs and expenses will, of course, vary from site to site
reflecting differences in labor, materials, engineering, site acquisition cost, and
fuel.

FIGURE 3-14
MECHANICAL DRIVE PLANT INVESTMENT COSTS AND PRODUCTION EXPENSES
MECHANICAL DRIVE PLANT INVESTMENT COST PROD. EXPENSE
$/shp $/xw MILLS/hph MILLS/kwh

HIGH LOW HIGH LOW HIGH LOwW HICE LOW
HYDROELECTRIC 327 62 kLo 83 1.20 0.982 1.61 0.110

PUMPED STORAGE 137 Lo 184 5% 13.96 0.29 18.80 0.39
CONVENTIONAL STEAM 1hh 3- 194 L6 7.33 1.3%4 9.30 1.80
NUCLEAR STEAM 327 64 Lo 8 21.k0 1.78 28.80 2.39

GAS TURBINE 53 N T1 63 5.21 3.72 T7.00 %.00

Based on the discussions in Section 3.1, gas turbines will be considered for ground
facility operations where mechanical drives are required. The engines are either
industrial gas turbines or adaptations of aircraft turbojets and have been used for
a number of years for ground installations. These turbines can provide large
increments of power without having to consider network loads, energy absorption
capacities in the event of failure, and the demand charge of a utility company.
Off--peak hour operation restrictions are also eliminated by the use &f gas turbine .
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IGURE 3-15

MECHANICAL DRIVE SYSTEM COSTS
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3.3 VARIABLE SPEED CRIVE SYSTEMS

The gas turbine engine drive coupled with a free turbine is a rather simple
method to obtain varisble speed outputs. The outpu* shaft speed can be coupled
through a fuel control system to the gas generator and speed is just a function of
load and gas generator output.

For electric motor drives, however, variable speed drives for very large powers
are not as simple, nor as responsive as the gas turbine.

This section identifies the available methods of providirg variable speed drive
systems for heavy equipment. A summary of these methods, their characteristics,
costs, and applications is presented in Figure 3-16. Maintenance costs for the rotat-
ing electrical equipment can be estimated as approximately one percent of the first
cost per year. Gas turbine maintenance costs are 0.15 mills per horsepower-hour of
operation and include a hot gas path inspection every 9000 hours and a complete
major inspection and service after every 28,000 hours of operation. Fuel and sta-
tionary operating engineer labor expenses for gas turbine prime movers amount to
an additional 4.1 mills per horsepower-hours.

The variable speed drive concepts presented are:

o DIC adjustable voltage

o Wound rotor motor and iiquid rheostat control

o Wound rotor motor and DC adjustesble voltage

0 Modified Kramer

0 Induction frequency converter

o Leblanc system

o Adjustable frequency generation

o Variable speed gas turbine

o Variable speed gas turbine and DC motor

o Synchronous motor and slip coupling
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3.4 POWER SOURCES SUMMARY - INFORMATION SOURCES

The manufacturers and utility compenies supplied a significant amount of
data on the performance, operation, maintenance, and cost factors associated with
the application of various types of power systems. Acknowledged for their efforts
in providing a realistic base for the data presented in this section are:
Jacksonville Water and Light Department, Jacksonville, Illinois
Union Electric Company, St. Louis, Missouri
United States Army Corps of Engineers, Missouri River Division, Omaha, Nebraska
Pratt ané Whitney Aircraft Company, Turbo-Power and Marine Department
General Electric Company, Marine and Defense Facilities Sales Division
Niagara Mohawk Power Company
New York State Gas and Electric Corporation
Arerican Electric Power System
Georgia Power Compeany
The data obtained from the current literature concerning the application of
different energy sources to large power demands covered a wide spectrum of tech-
niques and applications. The articles which contributed to this section are
listed in the following:
Federal Power Commission, Hydroelectric Plant Construction Cost and Annual Productior
Expenses - Combined Tenth and Eleventh Annual Supplements 1966 and 1967 _ March
1969.

Federal Power Commission, Steam-Electric Plant Construction Cost and Annual Prsduc-
tion Expenses - Twentieth Annual Supplement 1967, November 1968.

Federal Power Commission, Hydroele:tric Power Resources of the United States
Developed and Undeveloped, January 1968.

Federal Power Commission, World Power Data, February 1966.
Federal Power Commission, Electric Power Statisties, Published Monthly.

Federal Power Commission, Principal Electric Facilities in the United States (Map),

1966.
United States Atomic Energy Commission, The Nuclear Industry 1969, December 1969.

National Aeronautics and Space Administration, Study, Cost, and System Analysis
of Liquid Hydrogen Production, June 1968.
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Fortune, The Growing Market for Nuclear KW, July 1963.

Fortune, "We're The Most Enterprising Utility In This Country", May 196k.
Fortune, Con Edison: The Company You Love to Hate, March 1$66.

Yoriune, Products and Processess, March 1965.

Fortune, An Atomic Bomb In The Land of Coal, September 1966.

Forzune, Nuclear Power Goes "Critical", March 196€7.

Fortune, The Next Step Is The Breeder Reactor, March 1967.

Fortune | The Utilities' New Faces, June 1968.

Fortune, Global Earth-Shapers In Complex Competition, April 1970.

Tower Irgineering Magazine, Union Electric's Team Taum Sauk Pumped-Storage llydro
Plant.

Compressed Air Magazine, Manapouri Dam, February 1970.

Slectrical World, Power Giant Comes of Age In Labrador, February 16, 1970.
Scientific American, A Third Generation of Breeder Reactors, May 1967.

Aerospace Technology, FBRS To Get $800 Million Over Five Years, March 11, 1968.
Science, Nuclear Pcwer-Rosy Optimisim and Harsh Reality, July 12, 1968.

0il and Gas Journal - Nuclear-Power Headaches Bump Demand For Resid, October 20,1969%.
Business Week, Why Utilities Can't Meet Demand, November 29, 1969.

Popular Science, World's Biggest Atom-Power Plant, September 1969.

Popular Science, Instant Power, April 1970.

Sears, F. W. and Zemansky, M. W., College Physics, Part I, Third Edition, 1960.
Davis, C. V., Handbook of Applied Hydraulies, Second Edition, 1952.

Titzgerald, A. E. and Kingsley, C., Electric Machinery, 1952.

Hunt, W. T., and Stein, R., -Static Electromagnetic Devices, 1963.

Westinghouse Engineer, Big Winds for Mocdel Planes, March 1948,

Electrical Engineering, - Variable Speed Drive For United States Army Air Corps Wind

Tunnel at Wright Field, Dayton, Ohio
ATEE Transactions, Vol. 61 No. 3 March 19kZ.
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b, POLYSONIC BLOWDOWN WIND TUNNEL (GD2C)

GD20 is an intermittent wind tunnel operating in the Mach number range from
0.5 to 8.5. Two independent test legs are employed. The trisonic test leg has a
test section 16 x 16 ft (4.9 x 4.9 m) and can operate up to Mach 5.0. The hyper-
?onic test le):g operates between Mach 4.5 and 8.5 and has a test section 12 x 12 ft
3.7T x 3.T m).

In Phase II, size and pressure tradeoffs were made to determine their effect
on facility component specifications and costs. It was found that the baseline
facility definition, which is the smallest facility size able to produce the desired
Reynoids number (one-fifth of the maximum full-scale values of the HYFAC operational
vehicles), provided a significant increase in research capability as well as having
the best research return per invested dollars. The baseline definition was there-
fore chosen to be carried forward into Phase III essentially unchanged in its
capabilities.

The performance envelope for GD20, in terms of the Reynolds number simulation
capability, is shown below. The Reynolds number capability is based on providing
one-fifth the flight Reynolds number for a 310 foot (95 meter) long aircraft flying
a 2000 psf (95700 N/m?) dynamic pressure flight path. For smaller vehicles, and
lesser dynamic pressures, GD20 provides greater than 20% Reynolds number simulation
level.

1010

Full scale Reynokis Number
requirements based on 310 ft
(95 m) aircraft

109

200 psf

Existing Facilities N\

The shaded area represents the HYFAC potential operational hypersonic
aireraft flight envelope, developed in Volume II, for a 310 ft {95 meter) long
aircraft. The broken line represents the maximum capability for a composite
of existing facilities. The reference length on which the Reynolds number
is based is the square root of the wind tunnel test section cross sectional

10/
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erea, defined in Phase I as being equal to 1.3 times the aircraft or model length.
'nis sizing criteria was selected because it provides a working toierance to increase
the operational flexibility of the gasdynamic facilities. A wodel sized for the
trisonic leg would be about 12.3 feet (3.75 m) long. If only one model were pro-
vided, this model cou’d be accommodated in the hypersonic leg test section without
degradaticif”of performance or angle of attack range. With this large model size,

the Reynolds numbcy capability in the hypersonic test leg would be 34% greater than
shown in the previous sketch.

The following sections describe the work done to refine the facility design
and performance, the results of this refinement in terms of facility descriptions
and costs, considerations of safety and site criteria, an assessment of the critical
areas in developing the facility, and an analysis of the total facility acquisition
schedule.

L.1 REFINEMENTS IN DESIGN AND PERFORMANCE

A11 work done in Phase III on this facility was concentrated on improvement of
the design and specifications of the test legs and facility systems. The major
goal was to refine the specifications so that the facility will meet its perfor-
mance definition at a reasonable acquisition and operating cost. No performance
compromises or redefinitions have been made.

The following tasks were performed in order to attain the goal of improved
facility description and minimized costs:

(1} Structural and mechanical layout of both test legs was done by FluiDyne
Engineering Corporation, using the Phase IT facility sketches as a starting point.
Their experience in facility design was useful in searching out and solving probiem
a.eas and in obtaining a detailed facility Gescription. Test leg cost esti-
mates were done using the Fluidyne drawings as a basis.

(2} A much more detailed analysis of total air requirements was performed.
This was roquired because of the necessity to make sure that enough air storage
volume and pressure were available, but without over-specifying these gquantities.
Specifically, studies were made of the ejector air flow requirements and minimur
tunnel run times necessary to obtain the set goal of one full pitch or yaw polar
per run. Flow establishment time was also included in the air storage requirements.
These studies resulted in & considerable reduction of total storage volume for both
test legs from the Phase II calculations.

(3) Consultation with personnel at AEDC and Allis-Chalmers revealed the
possibility of a savings in acquisition cost if the facility were to be located
at AEDC and if integration with existing equipment was employed. Specific consider-
ations are: a) use of the AEDC-VKF compressor facility with addition of one
machine to boost the available maximum pressure to 5000 psi (3450 N/em2); b) use
of the AEDC-PWT model installation building; ¢) use of the AEDC 16T and 16S test
section carts, with some modifications, and the cart transfer cars. The facility
cost has been estimated with and withou’ these integration possibilities included.
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(4) A second part of the FluiDyne subcontract effort was the identification
of safety hazards to personrel, test article, and facility. Procedures, safety
interlocks, special subsystems, and control system rationale needed to operate the
facility safely were described.

(5) The third part of the FluiDyne subcontract effort was the ¢ lysis of
constructional problems and the development of an acquisition schedule for the
test legs. The schedule is carried from development of basic specifications to
facility shekedown and calibration. Similar analyses by MCAIR have been made and
included on the acquisition schedule for the air storage system, the compressor
plant, and the air heaters.

(6) In addition to the general site selection criteria developed in Section
2.6, operation of GD20 was analyzed to determine what specific site selection
criteria were peculiar to that facility.

(7) The development risks, and acquisition and operational problems were
evaluated for each major component, then compiled into an overall facilitly confi-
dence level rating. The major problem areas associzted with the major components
and overall facility were identified.

(8) The facility was evaluated in terms of its ability to satisfy the per-
formance goals specified originally in Phase I as necessary to accomplish the
Research Objectives approvriate to GD20.

L.2 FACILITY DESCRIPTIONS AND COSTS

The size of the wind tunnel necessery to achieve a given Reynolds number was
based on the following factors:

(a) wing bending strength in the spanwise direction

(b) fuselage bending strength in the chordwise direction
(c) balance lcad carrying capacity

(d) starting loads for blowdown type wind tunnels

(e) valance natural frequency compared to run time.

These criteria were evaluated for present day aircraft as well as the nine HYFAC
potential operational hypersonic aircraft. The evaluation showed that balance
iimitations governed the level of dynamic pressure which a model balance ccmbina-
tion could sustain for the HYFAC type configurations. A facility sized to a*ttain
a meximum Reynolds number for hypersonic aircraft was alsc suitably sized to obtain
meximum Reynolds numbers for subsonic and supersonic aircraft as well, thus pro-
viding an additional dimension of facility applicability. The reference trajectory
used to determine the maximum Reynolds numlar conditions, and the tunnel sizes is
shown in Figure 4-1. The range of dynamic pressures shown represents the range
encountered in examining the nine potential operational hypersonic aircraft. The
sizes shown have remained unchanged since Phase I. It may be argued that perhaps
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FIGURE §-1
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a larper trisonic leg for (D20 could be justified, however, it appeared that th.
advantages of providing interchangeable test secticns with AEDC 16S and 15T tacili -
ties overshadowed the benefits derived from a slightly larger test section size.
The definition for required test section size developed in Phase I was the basic
for all of the facility component definitions presentea in sections 4 and 5.

The Polysonic Gasdynamic facility is subdivided into a number of elements
to facilitate the discussion of component description, cost, a:. development asses. -
ment. The overall general arrangement of the facility complex is presented in
Figure 4-2, and of the test legs in Figure 4-3. The order of discussion is the
Trisonic Test Leg (Figure L-l), Hypersonic Test Leg (Figure 4-5), Storuge Volume
and Blowdown Lines, Compressor Plant, and Heaters. Because of the complexity of
the test legs, the description of each test leg is divided into Pressure Shells,
Control Valves, Flexible Nozzle Assembly, Test Section, Adjustable Diffuser and
Supersonic Ejectors, and Muffler.

4,2.1 TRISONIC TEST LEG - This test leg is basically a very large version of
oxisting blowdown wind tunnels, with some special design features provided to
enhance its usefulness and flow guality. Details of the test leg are shown in
Figure b-4 and b-5, while Figure L-3 presents an isometric view of the test leg
and Figure 4-2 shows the entire facility with its support rystems.

The basic concept of the test leg is that a flexible p._..ce nozzle is provided,
wvhich can be set, by means of electric screw jacks, to a predeterrined contour
which will provide a Mach number range of 1.0 to 5.0. Air, controlled to « desired
set-point stagnation pressure by throttling valves, enters the stilling chamber
and is expanded to the nozzle Mach number. A rariable throat diffuser is used to
convert the kinetic enerzy of the test s=ction flow to pressure. The diffuser
throet opening is set to optimize flow starting and maximize run time. The flow
exi* - to atmusphere through mffler designed to silence the flow and direct it
upv4rds. For subsonic or 1< transonic operati~n, the nozzle is et at Fts sonic
contour and is run at a suberitical pressure ratio, that is, sonic conditions are
not reached in its throat. This is done by closing the diffuser throat to a
position such that sonic conditions exist at the diffuser throat. An alternate
way of doing this, not shown, would be .. incorporate cimple cherking flaps in the
diffuser sidewall. Doing this would minimize the required diffuser plate travel,
but could induce adverse pressure grad’ents in the test section. Adjustment of
the diffuser or choking flaps to differen. settings provides the necessary subsonic
flow in the test section, For transon.c operation, Mach control is prcvided by a
¢c..bination of diffuser setting and provision of a ccantrolled amrunt cof suction
through the porous --alls of the test section. Plenum suction is provided by the
transonic ejectors and controlled by throttle valves on each ejector secondary ilow

passage.
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FIGURE 4-Z
PLANT GENERAL ARRANGEMENT - GD20
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FIGURE 4-4
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FIGURE 4-5

GD20 GAS DYNANICS FACILITY - HYPERSONIC TEST LEG
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A typical run starts by establishment of ejector flow. As mentioned, the
transoric ejectors are used primarily for Mach number control. The supersonic
ejectors, however, are used to pump the tunnel down %o about 1/2 etmosphcre in
order to increase the overall tunnel starting pressure ievel. This pernits the
establiishment of supersonic itost sgeclien fliw at a rminimum stagnztiun pressure,
and minimizes the time during whi~h the starting shock wave nattern is pascing over
the model. Both lower stagnation pressure and minimum starting transient time are
necessary to minimize the total startirg loads on the model and balanca2, which can
be as high as 5 times the normal running loads. Once steady flow is established
at a constant set-point stagnaticn pressure, the model starts its pitch program and
data is taken. For transonic operation, the plerum bypass control valves are auto-
matically modulated, holding plenum pressure, and thns Mach mumber, constant through-
out tn2 run. This must be done because the model, as it pitcnes, causes a wide
variation in test section blockage 2ud thus plenum pressure. Upon completion of the
model pitceh schedule, the model is returned to zero angle-of--attack, the main con-
trol valves are closed and, once the flow breal.down shocks mass by the model, the
ejector control valves are closed.

Safe operation of ih= triscnie test leg will require that specific operation
procedures ard permissive circuits be develoned to acsure protection of personnel
and equipment. The primary personnel safety concerns and preventative measures
are swmarized in Section 2.5. This Tacility does not present any unusual safety
problems in regards to personnel,

Discussion of the design features of the test leg componeants, prcuiem areas,
safety considerations, and construction techniques foliows.

(a) Tressure Shell - The prassure shell is comprised of the inlet manifold,
stilling chamber, transition section, and the entire outer shell to the miffler.
Construction is standard practice, the shape being circalar, with exterior stiffen-
ing rings and interior bulkheads and framework supporting the flexible nozzle, test
section, and diffuser. Except for the stilling ch#iber and transition section, the
shell is constricted to withstand an internal pressurz of + 15 psig (+ 10.3 N/cm?).
“he stilling cuumber and transition section must withstand up to 400 psig (270
N/cm2), but -~epresent no difficult design problens. Access should 22 provided in
this area io allow inspection and maintenance of the flow straightening hardware
and the throat block sechtion of the adjustable 1aozzle. Pressure relief hardware,
adequately siz=2d, will be necessary in this section. The a-cess doors should be
“nterlocked and an emergency stop switch located inzide the stilling chamber. ‘[he
entire tunnel structure is anchored at the vest section location and is uniformly
supported on rcllerz the length of the 55 foot (16.8 m) Jiamete:r section. A flex-
ible seal at the mufficr end allows for growth due to thermal expansiocn.

This large vess . mus: be field fabricated and will present fabrication and
erection challerges previously covered in Section 2.5. The nozzle and diffuser
sections of thxs shell will require pressure relief equipment to prevent damage
in the event of seal failure.

TAithough very lsrge, similar structures have becn constructed and the pressure
shell has & confidence level of 5.
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(t) Control Valves ~ The tunnel airflow is handled from storage to the nczzle
rlenun through five TO-inch (1.78 m) pipe lines. Stagnation pressure control is
achieved utilizing five sleeve valves. Multiple control valves (and supply lines)
were selected because of the wide range of mass flow that must be controlled. When
any valve is itrying to control flow in a nearly closed position, it will be subject
to flow/servo system dynamics, or "hunting", ith resultant poor control of the down-
stream pressur:. In addition, in the nearly closed position, there is separation
of the flow and high tuvrbulence. This is especially undesirable in this design,
since stable and uniform filling of the stagnation chamber is necessary for uniform
test section flow properties. Severely throttied flow is also very noisy, another
undesirable feature, since such noise will be present in the test section freestreanm.
In addition to the aerodynsmic and control problems posed by nearly closed opera-
tiou, there is greatly accele-ated wear of the valve trim to consider.

The selection of multiple control valves ensures that even at weight flows
one-tenth of the maxirmum, the functioning contrnl valve will be operating in mid-
range, since at low fliow rates only the minimum number of valves will be used, the
others being shut tight.

Sleeve valves were selected in order to ensure symmetricel ITlow at all valve
positions, thus aiding stilling chamber flow stability and uniformity. It is also
desirable to use a valve such as shown, where the sctuation force is independent of
pressure difrsrence across the valve.

Sieeve valves of the type considered have performed <atist'aztorily in other
similar installationz. Howeve., the valves envisioned here are larger and the
pressure rating is higher., A completely tight shutoff may be extremely difficult
to accomplish, and is not required, since shutoff valves are contemplated near the
air storage area. The valve manifold arvangement should be such te allow ease of
maintenznce and allow each valve assembly to be removed and replaced without inter-
fering with the remaining four. To prevent long facility downtime, consideration
should be given to maintzining a valve inventory.

‘The ‘eeve valves will require an automelic control system. For both transonic
and supersonic cperation the valves will control to a fixed stagnation pressure
set-point. An autumatic sequence will open one valve as the pressurization process
begins. As the valve reaches 85% open, another valve will open, and s2 on until
©ull set-voint vressure is reached. As the storage tank pressure deereases, the
valves continually open, keceping the dowanstream pressure constant. At ike conclu-
sion of = run, any number of valves from cne to five may be open. I/pon completion

o2 the model data program, ail ralves are rapidly closed.

As regards safety, cousideration must be given the pressure control valving
and stored air arrangement in that the sleeve valves may not seal completely. It
is anticipated that a shutoff valve near.the air storage will adequately isolate
the test leg from the air storage. Normaliy, two shutoff valves are desirable
beitween personnel workiag areas, such as the test section, and the air supply. The
.y&raulic actuation system and electric control circuit must be "fail-safe", forcing
the valves to close upon loss of hydraulic pressure or electric power. A two-key
interlock conirol system must be provided so that removal o® the key required to
gain access to the tunnel circuit at any point immobilizes operatiou of the valve
control circuit key.
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These wralves, although of a type similarly employed in existing facilities,
must be considered to require a design study and prototype development because of
their size and pressure rating, and are assigned a confidence level of 3.

(e) Flexitle Nozzle Assembly - An adjustable nozzle with a 16-foot (4.9 m) hig:.
by 119-foot (36 m) long flow surface will provide the most complex design problen.
16-foot high adjustable nozzles have been built and are currently in operation.
However, the operating pressure levels are lower and individual Mach ranges are
smaller. As envisioned in this study, the adjustable nozzle is actually two compo-
nents; a throat block and flexible plate. Each throat block must travel to within
approximately 3.5 inches (9 cm) of the centerline (total travel approximately
7.7 feet (2.3 m)), seal at the upstream face against stagnation pressure, and *..=
out the pressure load at the pivot point of the block. The flexihle plate is mounted
t5 the throat block and both are preset to the desired Mach number configuration
utilizing screw jacks. This plate must necessarily bte thin and flat in addition to
providing jacking points on the back side which uniformly distribute the load. If
welding is contemplated in the fabrication of this large flexible nozzle plate, the
development of special techniques may be required. Sliding seals along the length
of the adjustable nozzle may require some develcpment. If a seal is not achieved,
recirculation will occur amt nay disturb the nozzle flow distribution.

Specific procedures for nozzle adjustment will be required such that possible
damage to the block, plate, or jacks is minimized. Once the nozzle has been reset
and checked, this information should be programmed into the interlock system as
being ready for wind tunne! operation. Access must be provided in the 55-foot
(16.8 m) siameter pressure shell for inspection, maintenance and repair of the
adjustable nozzle, seals, and screw jacks. This access must be interlocked and an
emergency stop switch located on the pressure shell behind the adjustable noziles.
Pressure sensors should be placed at various locations in *he cav..ty behind the
adjustable nozzle to indicate unusual pressure buildup or the existence of recircu-
lation due to seal leakage. The sen.ors would be integrated into the interlock
system. The flexible nozzle assembly, because of its pressure requirements, size,
and large Mach range is assigned a confidence level of 3. -

(d) Test Section - The test section consists of a cylindrical pressure shell
with & side opening hatch and a removable c.-rt model support system. Structural
bulkheads at the nozzle exit and diffuser entrance isolate and support this section
of the pressure shell. A cart system, which is moved on rails between a model assem-
bly area and the test section, is contemplated. The cart, which contains the test
section flow surfaces, model support, and pitch mechanism, is similar to that cur-

rently employed at AEDC. Two carts are needed, one with porous walls, for transcni:
operation, and the other with solid walls, for supersonic operation. Other than

being large, thexre - » epparcnt design or fabrication problems contemplated.

The mating surf -'= ~. ~ ~zrt snd the adjustable nozzle and adjustable dif-
fuser will reomi: . ar = .ticn to assure aiignment. Test cart service
connections w11 . | i oo« vhe cart is locked in the proper position. These
service liner - ar *= 1 {21 support drive power (electric or hydrauiic),
water, air, €. - . R * equent maintenance a1 inspection. The cart
service linpu: - . w0 @ it sensors which indicate loss of electric power,
balance over-L-. . * w57 2V Jown befcre damage occurs to the model or sup-
port system. '™ Tl L rrocedure will be to quickly bring the model
to zero augle ¢ Bt By Spe2 1. shut the control valves.
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For transonic operation, test section suction is pro-ided using eight air ejec-
tors operating within the pressure shell housing the adjustable diffuser. The
ejectors will operate at a constant stagnation pressure. This pressure will be
~aintained by a single sutomatic control valve operating in the supply line upstream
of a manifold to the eight ejectors. Control of the test section suction is achieved
by utilizing butterfly valves at the inlet to each ejector. The eight ejecteors and
automatically controlled butterfly vaives will be operated simultanecusly to achieve
uniform test section suction. The valves will be controlled individuelly to hold
constant test section Mach number by a servo- system using the local plenum pressure
as input. It is also possible to program different sidewall suction rates on each
wall to allow fine Mach control for models with very strong d~wnwash. Ejector and
plenum bypass flow re-enters the main stream aft of the adjustable diffuser.

The concept of the removable test carts is critical to the entire facility
concept. Model installation time in such large facilities can range froa two or
three days for simple tests to several weeks for sophisticated installations. With
removable carts, all model installation work is perfcrmed in a remote model instal-
lation building. Thus, a very high utilizetion of the test section is possible,
and the customer gets a maximum number of runs for a given test budget. If lhe
facility is located at AEDC, the transoric and supersonic carts could be installed
in the 16T and 16S propulsion wind tunnels as well as GD20. This feature provides
flexibility if a test on a given model is to be run both in GD20 and one of the
other tunnels. Likewise, the existing carts at AEDC can be used in GD20 with some
modification to withstand the maximum wall static pressure of 3C psia (20.6 N/cm2).
The estimatel cost of the test leg in the integrated version assumes that no new
carts will be built and that the existing AEDC carts will be used. Also, no cost
for a model installation building is included in the integrated version costs, the
use of the existing building being presumed.

Since the size ard performance of all the test section components is currently
available, a coafidezce level of 5 is assigned.

(e) AdjJustable Diffuser and Supersonic Ejectors - The adjustable diffuser is
used, as mentioned previously, both as a sonic choke for subsonic testing and as a
pressure recoveryy device & :ing supersonic testing to maximize run time.

The adjusteble diffuser features sliding supports at the upstream and down-
stream end which allows the screw jacks to be operated with straight vertical
motion. A s£liding seal in the adjustable diffuser will be required which seals
against the sidewall. The screw iacks ere motor driven to a predetermined closing
depending upon the test condition. and this preset closing program should be incor-
porated as a prerun configuration manual interlock.

Consideration must be giveu to the fact that, as presently shown, the test cabin
ejectors exhaust into the shell behind the adjustable diffuser. This may impose an
added design problem for the screw jacks and seals. As with the adjustable nozzle
section, access must te provided to allow inspection, maintenance, and replacement
of jack and seal components. The access hatch and pressure shell should be irter-
locked to prevent operation with the hatch open or perscnnel inside.

Althcugh the ceiling and .icor of the diffuser zve shown as the moving compo-
nents,; coasideration should be given to use of the sidewalls instead. Actuator
force would be decressed, since only friction and inertia forces would be opposing

sidewall motion.
MCDONNELL AIRCRAFT
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A point to be resolvel is whether the actuator system 1 .ec have the capability
to move the diffuser walls during a blowdown. In this mode »f operation, the tunnel
would start with the diffuser thircat adjusted to the size required to pass the
normal shock system. Once the rlow is started, the diffus=r would close down to a
minimum running position. This permits running at lower stagnation pressures (and
Reynoids numbers), or for longer times than does a 3°ffuser set only for the start-
ing conditions. Balanced against these advantages is the fact that the diffuser
actuation system has to operate very quickly and accurately to do any good, and
would be relatively expensive. It might be noted that many tunnels which are
equipped with this capebiliity never use it, their run times being adequete for the
testing at hand.

The supersonic ejectors are straightforward air-to-air ejectors, and are used
to lower the test leg starting pressure and minimize model starting loads as pre-
viously described. Use of the ejectors is required to run the lower Reynolds
number boundary shown in the performance plot. The ejector system consists of four
primary nozzles, operating at a fixed stagnation pressure, and a long, constant
diameter mixing section. The mixing section is required to develop meximum effi-
ciency over a large range of tunnel flow conditions. The supersonic flow ejectors
are mounted just downstream from vhe square to round transition section and are
operated utilizing the same storagz air as the primary flow. A singie automati-
cally controlled valve upstream of the ejector manifold regulates the ejector flow
pressure. This control valve operation is interlocked to prevent inadvertent
opening.

The confidence levei of the adjustable diffuser and ejector is L,

(f) Muffler - Downstream from the ejector mixing section znd subsoric dif-
fuser the flow enters a muf.ler designed to attenuate J<# and tigh frequency noise
levels. The muffler essembly has a perfcrated plate e+ tae irlet for low frequency
attenuation and high frequency ncise is handled in the vube type exhaust stacks
(see Appendix A). The structure is reinforced concrete. Access to the muffler for
inspection and maintenance should be provided and an emergency shutdown switch and
access door interle-~k incorporated into the system. Because of its size, the
muffler is assigned a confidence level of L.

Cost of the total trisonic test leg including the blowdown valves is estimated
at $27,500,000, whea constructed independently of any existiung facility, and
$21,100,000 when integrated at AEDC. A breakdown of this ceost estimate is given
in tabular form in Section 4.2.6.

The confidence level of this test leg is 4.1, based on the weighted average
of the component confidence levels.

4.2.2 HYPERSONIC TEST LEG - This test leg is a straightforward blowdcwn wind
tunnel, exheusting to atmosphere. Hezst addition is used to avoid air liquefaction
at the higher Mach numbers. Details of the test leg are shown in Figure 4.5,
while Figure L-3 chows an isometric view of the test l:g and Figure 4-2 shows the
entire facility with its support systc.us.
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Operation of the facility is similar to the trisonic leg. A flexible plate
nozzle is set to the desired Mach number and the adjustable diffuser is set to an
optimum setting. While these preparations and the necessary mcdel work are going
on, a steel matrix electric induction storage heater is being brougut to the
desired temperature. Upon initiation of the blowdown cycle, air is brought from
the 5000 psia (3450 N/cm2) storage tanks, throttled to the set-point stagnation
pressure, and admittcd to the stilling chamber. Five blowdown lines are provided,
but there is only one heater. For temperatures less than the maximum 800°F (L26°C),
cnld air is mixed with the hot air in a special mixing chamber at the entrance to
the stilling chamber. Ejectors are used to ease starting loads, as in the transonic/
supersonic leg, and to permit testing at low Reynolds numbers.

The safe operation of this test leg will require that specific operation pro-
cedures and permissive circuits be developed to assure protection of personnel and
equipment. The primary personnel safety concerns and preventative measures are
sumnarized in Section 2.0. This test leg does not present any unusual safety prob-
lems as regards to personnel.

Discussion of the design features of the test leg components, problem sreas,
safety considerations, and construction technology follows:

(a) Pressure Shell - The pressure shell is cownrised of the hot air mixer
section, stilling section, main pressure shell, anl ejector constant diameter
mixing section.

The mixer confi:uration is 2imilar to that developed for use at AEDC for a
large tist facility. Utilizing a mixer ellows testing over ¢ ride range of temper-
ature and mass flow coaditions with the minimum heater size. Hot air enters the
mixer through an interchangeable heater back pressure nozzle. Four cold air lines
enter the mixer at an expansion section, the cold air being injected at 9C° to the
hot flow srr2am. A mixing section of approximately three to four diameters in
length housing & flow disperser provides uniform flow to the nozzle entrance. The
design details of this type mixer are currently known, with prototype testing
experience availatle. This will eliminate the need for additional development to
confirm design details. The operating procedures and cnaracteristics ¢f this spe-
cific hardware can be determined and confirmed during the facility shakedcwn opera-
tions or in a mock-up situation prior to facility irstalletion.

A flow disperser is mounted near the downstream end of the mixer to smcoth the
flow entering the stilling chamber nozzle entrance ares. This hardware must take
quite large and possibly nonuniform loads. The downstrream end of the mixer and
stilling chamber must be fitted with adequately sized pressure relief valving to
relieve inadvertent overpressurization. Access to the mixer and stilling chamber
areas must be provided for inspection ard maintenance of the mixer, flow disperser
and adjustable nozzle throat block. EIEmergency stop switches and access hatch
interlock keys should be provided to prevent tunnel start or operation with
personnel in this area.

The 18-foot (5.5 m) diameter pressure vessel contains the adjustable nozzle,
test section and adjustable diffuser hardware. Construction is standard practice,
the shape being circular, with exterior stiffening rings and interior bulkheads and
framework supporting the flexible plate nozzle, test section, and adjustable dif-
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fuser. Excert for the mixing section, sud stilling chamber, the shell is con-
structed to withstand an internal pressure of # 15 psig (10.3 N/cm?2). The stilling
chamber and mixing section are designed to a pressure of ~500 psi (1720 N/cm2).

The 18-foot diameter mein pressure shell is approximately 165 feet (50 m) long and
will require field fabrication and erection. The associated equipment and proce-
dures discussed in Section 2.5 will apply. The vessel will e equipped with pres-
sure relief systems in case of seal or structural failures.

Facility thrust and exparsion are handled utilizing anchors at the heater,
mixer and eJector mixing section stations, and flexible sea.n near the ejector
station and at the mufiler. Wheels attached to the various tunnel components oper-
ating on irackage support and align the facility and allow for longitudinal facility
growthi. In general, all components of the pressure shell consist of large versions
of existing high pressure constructica so a confidence level of U4 is assigued.

(b) Control Valves - The primary tunnel airflow is handled from storage
through five 16-inch (LG cm) pipelines with a working pressure of 5000 psia
(3450 N/cm2). Stagnation pressure control is achieved utilizing control valves
in each of the lines. Four of these lines go directly to the mixer and the remain-
ing line goes to a storage heater which in turn pipes hot air to the mixer. The
reasons for selecting multiple control valves for this test leg are identical tc
those for the trisonic leg. In addition, stress considerations dictate the use of
a number of small diameter pipes of rezsonable wall thickness rather than one lszrge
pipe with & wall thickness greater than four inches (10 cm)., Fabrication and on-
site ercciion considerations also favor the vse of multiple blowdown lines and con-
trol valves.

A large number of control valve operating configurations are available, utili-
zing the heater ana mixer combination. The control valves will utilize an automatic
control system ithich can be preprogrammed to yield the correct mixed air temperature.
This contrcl system will be an integral part of the interlock system., Ceriain safety
precautions w..11 be necessary regarding the valving between the high pressure air
storage and the wind turnel (and personnel working areas) to prevent inadvertent
pressurizetion of the test leg in the eveni that the upstream isolation valving
should fail. If the control valves are not tight shutoff it is recommended that an
isolation valve slso be installed at the downstream end of the 16 inch (40 ¢m) pipe-
lines upstream from the control valves. Control valves of tnis size and pressure
rating have been constructed and operated, so a confidence level of 5 is assigned.

(c) Flexible Nozzle Assembly - The 12 foot (3.66 m) adjustable nozzle sidewall
consists of a ce operated throet block and a lexible plete positioned with screw
Jacks with a r..ding seal at the downstream znd of the nozzle. The basic design
conce' t utilized in this nozzle is similar to that previously used in AEDC Tunnel
E. This nozzie design is significantly-larger than that at AEDC and is further
complicated from a materials and sezliing standpoini due to the tlow temperature
conditions. One of th2 major design problem sreas will undoubtedly be in the area
of sealing the nozzle block and sidevalls. Normal sealing materials will fail at
the maximum flow temperaturzs of this faecility. The specifics of the Aesign must
therafore keep the seal 3t a cooler. location or provide & means of cooling. In
addition, the throat block will bz exposed to high stagnation pressures and the
mounting and framework must provide for handling and removing these loads. The
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flexible plate loads are transmitted through the positioning Jjacks to the jack
surport framework which is mounted to the 18-foot (5.5 m) diameter pressure shell.
Special techniques and fabrication procedures will be necessary to fabricate and
machine the 12-foot by 60-foot (3.66 x 18 m) nozzle plate. Careful consideration
must also be given to she method of attaching the jacking pads to prevert damage
to the base material., The attachment design of the fiexible plat to the throat
block is eritical, as a smooth, continucus flow surface in this area is required
at all positions of the adjustable nozzle.

Access to the adjustable nozzle throat block positioning and flexplate screw
Jack systems must be provided in the pressure shell for nozzle adjustments, mainte-
nance and repair. Nozzle adjustment programs must be prepared and operatiorsl pro-
cedures developed to prevent damage to the nozzle during adjustment. The racility
interlock systems should provide for verificdtion that the nozzle configuration is
correct and ready for running.

The access aree for uozzle work must be protected with emergency stop switches
and hatch interlocks to prevent tunnel operation and harards to personnel who may
be within the pressure shell,

The flexible nozzle assembly, because of its size and femperature problems, |
is assigned a confidence level of 3.

(@) Test Section - A 12 x 12 foot (3.66 m x 3.66 m) test section 18-feet (5.5 m)1
long will accommodate models up to 12-feet long. A model support sector and sting i
system provide model angle of attack capability in the range between -5° and 30°. %
As envisioned in this design concept, the sting will travel. along the sector uti- ‘
lizing a drive mutor which engages a gear on the backside of the sector. Five
large slot type schlieren winduws provide viewing of the ucdel. The windows are
located between the steel test cabin support members. Access for model hardware
is assumed through a top hatzh in the test section pressure shell. A personnel
hatch is 1rcvided on the side of the test section.

The desi~~ fabrication, and cperational problems associated with the model
support, pitc. ~hanism and balance hardware are problems directly related to the
relative size . this equipment. The run time of the faciliiy, being short, will
require that the pitch mecheanism travel at a fairly high rate to cover the pitch
envelope. Considering the weight of the baleace, sting, and model system, the
drive motor mey become large. A means shall also be provided to take the balance
leads and any model services out of the model suppor* system.

An alternate test section arrangement, not shown, which should be seriously
considered in a design study, is the use of a partial test section cart. This
concept. as used by the Swedish FFA in one of their facilities, consists of having
the rear pe . of the test section, containing the model support, be removable from
the test leg intact as a unit. The advantages are the same as mentioned for the
<risonic test carts, namely, test utility improvement by reductioca of turiel occu-
pancy time. Disadvantages are the need for at lesst iwo such partial carts ard
model supports.

Viewing windows of the size required in schlieren quality material msy require
fabrication technique development. The mounting of large windows also presents
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picblems of sealing and differential expansion. Extreme care .ust be taken in the
design and installation to prevent overstressing the windows.

Ceriain operational interlocks will be required to protect the model and model
suppos ¢ systems. A balance overload interlock should be incorporated to prevent
further operation if the balance loads exceed a predetermined ve ue. Interlocks
should be incorporated which will terminate a yun if the wodel support drive

motor should lose power or any of the model or model support services such as Cool-
ing water or alr should malfunction.

Personnel safety consideration in the test section will probably be orimscily
involved with the handling of equipment and standard industrial safety re _ - rements
would apply. ThLis section must, however, be interlocked with euergency stop
switches to protect personnel inadvertently left in the test area. The tunnel
hatchies must be interlocked to prevent operation with open he.ches. In general,
wroblems of design of the test section components relate mainly to their size, so
a confidence level of L is assigned.

(e) Adjusteble Diffuser and Sjecters - The mode of operation for this facility
will require the use of main stream air ejectors to obtain the required t mnel
starting pressure ratin. Once flov is established, the adjustable diffuser is
artuated to a predetermined position to reduce the running pressure ratio require-
ments. As rentioned *.r the transoniec/supersconic diffuser, careful consideration
must be given to the actual need for adjustment of the diffuser while running,
balancing the lower stagnation pressures and longer run times obteined versus the
more powerful actuators and complex controls required.

The adjustuble diffuser featuvres sliding supports at both extremities which
permits vertical screw jack motion without pivots. The screw jack mechanism is
mouv ed externally to the pressure shell to avoid increasing the shell diameter.

A sliling szal in the adjustable diffuser sesls against the sidewall. The screw
Jacks are motor driven with an automatic control system to & predetermined closing,
dependent upon the test conditions, and this preset cijsing program should be
incorporated into the interlock system to prevent running prior to verifying the:
program. Interlocked access to the diffuser thrcugh the pressure shell will be
necessery for maintenance and inspection of diffuser seals, Jack system connections
and sliding supports.

The nine supersonic flow ejectors are located downstreswn of the diffuser tran-
sition section in the flow ~hacrnel. single automatically controlled vslv= up-
stream of the ejector manifold regu.a .»s the 2jector Jlow pressure. Tiis automatic
elector control will be programmed 5o r utain a preset eJector nozzle pressure
and will be interlocked to prevent inadvertent operation. The confideuce level
of the adjustable diffuser assembly and ejectors is b4.

(f) MufSler - Downstreau from the ejector mixing ssction and subsonic &:f-
fuser, ti1s flow enters a muffler to attenuate low ard high frequency noise levels.
The muffier assembly ircorporates a perfor: “ed plate to attenuate low frequency
noise, and high frequencies are handled in the tube type vertical exhaust scacks
(for reference see Appendix A). The prinary st.ucture is reinforced concrete.
Safe access to the muffler for inspection and maiantenar.ce should be provided,
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utilizing emergency stop switches and access door interlocks to prevent operation
if the hatch is open or the switch is in the stcp position. The muffler is assigned
a confidence level of 5.

Cost of the hyperso:nic test leg including the main control valves is estimated
at $11,838,006. A breakdown of this cost estimate is presented in tabular form in
Section 4.2.6.

The confidence level of this test leg is L.6 based cn the weighted average of
the component confidence levels.

4.,2,3 STORAGE VOIUMES, BLOWDOWN LINES - Two very large air storage tank systems
are required for operation of the two test legs. The development in Section 6.2.6
of the Phase 1I final report gives the derivation of the relationship between min-
imum storage volume and facility maximum mass flow and minimum run time. These
relationships were worked out for three cases: (I) Constant stagnation terperature,
(II) No control of Ty (T, drops according to a polytropic relationship witk Pg),
(III) Tank provided with a thermal matrix. All of the cases were solved using the
Zround rules of constant stagnation pressure and allowable Reynolds number change
(owing to To change) during a run no greater than T%. Minimum storage pressures
are determined by calculating tie final tank pressure at the end of the maximum
mass flow run and at the end of the maximum pressure run. Frictional pressure
drops must be included to determine the minimum initial storage pressure.

Minimum facility run times and mass flow rates we.e calculated in order to
specify only the minimum volume and pressurc required, but yet have enough air to
satisfy the requirement of one full pitch or yaw cut per run.

The miunimum ran time was established using criteria developed from the MCAIR
Polysonic Wind Tunnel experience. In that facility, experiments have been run to
determine the maximum pitch rates at which force data will still be identical to
dats taken at fixed angles-of-attack. That is, inertial effects or dynaxic flow
effects must be negligible. It was found that, for the Mach range of .5 to 5.0,
pitch rates well in excess of 5 deg.ees per second cculd be empioyed without dela-
terious effects on the force and moment data. Five degrees per second is the
normal rate used for production testing in the PSWT, and is the rate adopted here
for data taking. Ten degrees per second is used for moving the model from 0° to
its initial data point angle and for returning the model to 0° from its finsl data
point. The model pitch schedule assumed, then is:

e o -10°/sec

time

Run Termination
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In order to figure total air requirements, it is also necessary to define the
time required for the ejectors to pump the facility down (tg;), and time required
to fill the stilling chamber to the set-point pressure and establish steady flow
(tfill). Again, from the MCAIR PSWT experience, these times were taken to be:

tej

triny

3 sec
2.5 sec

It is assumed that the main control valves are opened as soon as the ejectors hare
pumped the tunnel down, and are shut down when the model reaches +30°, the ejectors
continuing until the model returns to 0°. The total air needed is:

W=w, [t .+t . +4t o)
1 &J fill 0" to © Where W; = ejector flow rate
+ =
+W2 [tfill At 0° to 300] and Wo = tunnel flow rate

or W=W [16.13] + v, r1o.12]

The ejector mass flows were calculated and using the maximunm mass flow case for
each test leg, the minimum stored mass, pressure, and volumes were calculated.
Total air storage requirements are:

3 3
2§g’gggaf?h1£2§;igg)m ) For trisonic test leg (no thermal

200°F (93°C) matrix, no in-line heater)

Total Volume
Max. Pressure
Max. Temp.

Wonu

Total Volume 25,400 £&3 (720 m3) For hypersonic test leg (in-line
Max. Pressure = 5000 psia (3450 N/cm?) heater)

The total storage requirements were translated into hardware specifications.
General layout of the tanks is shown in Figure L4-1.

The costs associated with the air storage system are as follows:

Low Pressure System

60 spherical tanks, 30 ft (9.2 m) dia., 3.875 in. (10 cm) wall thickness,
grouped on 3 stands

$25,751,000

Pressurization limes from compressor plent, manifold piping, isolation valves,
and safety burst diaphragms.

$ 246,000
Blowdown lines to facility and ejectors, 70 in. (1.78 m) I.D., 1.75 in.
(4.45 cm) wall thickness, footings, supports, line isolation wvalves.
$1k4 ,694,000
Low Pressure System Tota. $40,591,000
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High Pressurc System

2L cylindrical tanks, 18 in. dia. (46 cm) and 60 ft (18.L m) long, 3.5 in.
(8.8 cm) wall thickness, arranged in 5 groups. Each group has U8 tanks and
has 3 tiers of 16 tanks. Total volume is 25,650 ft3 (725 m3).

$ 9,602,000

Pressurization lines from compressor plant, manifold pipiag, tank isolation
valves and burst diaphragms.

$ 333,000

Blowdown lines to stilling chamber and ejectors, i n., (40.6 cm) I.D. and
3 in. (7.6 cm) wall thickness, footings, supovorts, line isols*ion valves.

$ 5,328,000

Bigh Pressure System Total 3$15,270,000

The nimber of tanks, their dimensions, and shape were bes.:d on advice from Nooter
Corp. It is felt that although this is a very large and zostly system, the indi-
vidual components are within current technology. Th: 3a:l thicknesses necessary,
however, are near the limit of comnstruction practice. Tvi large isolation valves
ere in the same category. Therefore, a confidence level uf 4 is assigned to the
entire air storage system. ‘

L.,2.4 COMPRESSOR PLANT - Redefinition of the total eir r quirements for each test
leg as described in %.2.3 also resulted in recduced compre:sor requirements. Keeping
the original goal of maximum run turnaround tine equel or less than two hours
results in & new compressor specification:

Q = 100,000 cfm (2832 m3/min) at P, 14.2 psia (9.8 N/cmg)

inlet

= (o N 20~

Tintet = 90°F (32.3%
Poutlet ~ 600 psia (413 N/sz) ..... . Low Prassu-e Tanks
o 5000 ~sia (3450 N/cm® ) ...... High Pressuire Tanks

Dewpoint = -60°F (-51°C)

This plant is a relatively simple plant since it is n>t required to run over a
wide range of volume flows and pressure ratios. These requirements were given to
Ail1is Chalmers, who have specified a compressor plant.

A schematic of the plant arrangement and a bill of material included are shown
in Figure 4-6. The plant contains five stages of conpressior. Low preqsure air
fer the trisonic test leg is obtained from the second stage. The l:s% three stages
are required to obtain 5000 psia (3450 N/cm2) For the hypersonlc +esv leg- The
cost of this plant is broken down as follows:
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Mechanical Components: Including all equipment listel on the bill of
meterial, plus installation and setup charges

$ 9,794,000

Building and Foundatiocn 812,000

Total $10,606,000

- the facility is constructed at AEDC, a cost saving may be made by using the
xxisting capability of the VKF compressor plant. Using this scheme, atmospheric
‘ntake at the VKF 3rd stage is used. The low pressure tanks rece. »* air from the
‘th stage. One machine must be added to the existing plant to bc- . from 4000

1 2T60) to 5000 psia (3450 N/cm2). The cost of this addition, inc.wuing installa-
sion, extra dryer capacity, footings, iaterconnecting piping and valves is
51,225,000. Balanced against the potential cost saving is the cost of extra
»iping runs from the VKF plant to the location of the facility and the fact that
-he compressor would be shared among all the VKF facilities and the two test legs
»f GD20.

The compressor plant., whether new or a modified existing plant, is comprised
:antirely of existing and available equipment, both in size and performance. It
12s a confidence level of 5.

FIGURE 4-6
GD20 COMPRESSOR PLANT
Schematic of Plant Lavout
,\Cooler ~ Cooler ~ ~ Cooler Cooler
—\_/ \/ —\_/ A\ {_O—
_ VH
Motor Motor ::‘ Motor Motor 102
Compressors Required

Type Compressor* VC-1401 VS§-506 VH3M VH303 VR

Inlet Volume - cfm(rn3 ‘min) 1000,000 {2830) 12,500 (353) 2400 (68) 830 (23.5) 435 12.3)

Inlet Pressure - psia(N 'cmz 142 (9.8) 113 (78) 590 (406} 1730 (1190) 3280 (2270)

Disch Pressure - psig(N cm*) 125 (86) 620 (433) 1230 (1260) 340 2330 S0C0 (3450)

Power - hp(kW) 18,600 (13,900) 16,100 (12,000) 12,000 (83500) 7250 (5400) 4529 (3370)

Utilities Summary Biil of Material
Total Compressor Power - hp{kW) 58,000 43200 Compiessors Switch Gear Dryers
Cooling Water Requirements -qpm(m3 mia) 15,000 51 Motors Con¥ro! Ceitler Water Pumps
Water System P hotkd) 3.000 2 240 Sole Plates Transformers Covling Tower
ater System Fower - hp ' ¢ Lube Systems  Anti-Surge Control Compressor
Hydraulic System Power - hptkW) 5,000 3,730 g:;lers Interconnecting Piping and  Evacuation System
s Valving

Tolal Power - hp(k¥) .00 43170 *Allis Chalmers Model Number
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4.2.5 KEATERS - Both test legs require the addition of heat * the =zirstroam in
order to avoid liquefaction at the nigher Mach numbers. An <. or gas-fired heat
exchanger will be used fur the transcnic/supersonic test leg and a steel matrix
induction storage heater is used for the hypersonic test leg.

(a) Gas or 0il-fired Heat Exchanger — This heat exchanger is installed in the
line from the compressor plant to the low pressure storage tanks. The heated air
is stored in the tanks. This heater is used only when testing above Mach 3.
Specifications of this heat exchanger are:

Max. Air Pressure . . . . . . . . . 600 psia (413 H/cm?)

Max. Air Temperature. . . . . . . . 500°F (270°C)

Max. Air Flow Rate. . . . . . . . . 116 1b/sec (53 kg/cee)

Heating Rate. . . . « « . . . . . . 80 x 106 Btu/hr (84 x 109 Joules/nr)
(Efficiency assumed = 50%)

Heat exchange units of this type are commonly used in wind tunnel facilities and
present no unusual design or construction problems. A confidence level of 5 is
assigned. The cost is estimeted to be $800,000.

(b) Eiectric Inducticn Storage Heater - Tais heater is placed in one of the
five blowdown lines. It is a storage heater, a bundle of steel tubes serving as
the heat storage matrix. This type of heater, although not common in current wind
tunnel operations, has been proven feasible at Lewis Laboratory and is common in
other industrial practices. The design of this compouent can be handled by drawing
on experience of the existing operational hardwcore and should not require develop-
ment to achieve a workable system. The heater is blown down from top to bottom
with the hot air exhausting through the grate support into the mixer. Utilizing
this configuration eliminates the need for a heater pit as the heater is supported
on a concrete pad above ground.

The design and fabrication problems anticipated in regards to the heater will
fall within the details of the electric reheat system, i.e., the design and fabrica-
tion of the electric coils, the terminal connection which penetrates the vessel,
the electrical coil support and insulation within the heater shell and the snecial
requirements of the coil cooling water system. None of the above details are beyond
current design or fabrication technology.

Several electric circuits are incorporated to allow reheating of various
sections of the matrix to obtain the desired blowdown temperature profile. The
heater will be instrumented with thermocouples. The electrical system and power
generation for the reheat system are of a size which requires precise controls and
procedures to assure the safety of working personnel. During reheat, the heater
should be vented to prevent hot air from being discharged into the tunnel components.
In addition, the electrical control system must provide for continuous monitoring
of the coil water cooling, matrix, grate and shell temperatures. This reheat con-
trol system must be fail safe in that coil electrical malfunctions, loss of coil
cooling water or overtemperature conditions in any heater component will automati-
cally shut down electrical power. The blowdown operation will require that the
heater be fitted with pressure relief valves to prevent over-pressurization.
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Specifications of the Heater are:

Max. Air Pressure . . . « « + . . . . . 3000 psia (2070 U/cm®)

Max. Outlet Air Temperature . . . . . . 800°F (L27°C)

dax. Flow Rate. . . +. « + « « . . . . . 11,000 1lb/sec (5000 kg/sec)
Heater Input Power . . . . . « . . . . 2.5 megawatts

The cost of the induction heater is estimated to be $1,817,000 and a confidence
level of 3 is assigned.

4,2.6 COST SUMMARY - Figure 4-T presents a detailed cost breakdown for the GD20
facility, based on the costing technique presented in Section 2, as necessary to
acquire the entire facility. Figure 4-8 presents a similar cost breakdown for the
facility integrated into the AEDC 165/16T complex.

The contribntions of the components to the total cost can best be illustrated
by Fizures 4-9 and 4-10. In the basic facility the compressor plant does not
represent a dominating cost factor, so integration of GD20 into an existing
complex, such as AEDC, to utilize compressor plant capability does not have a
substantial cost savings. The transonic test carts were not deleted in the AEDC
integrated facility because, aithough interchangeable with existing 16S/16T carts,
the acquisition of GD20 would require that two additional carts be manufactured.
The net saving by integration is then about 1b million dollars compared to a total
investment cost of 146 million dollars. The dominance of the air storage system
is clearly shown, as well as the greater costs associated with the trisonic test
leg compared to the hypersonic leg. This cost compares favorably to existing
facilities in terms of the funds required to provide additional experimental
research capability. AEDC 16S/16T represented a major increase in the testing
capability in large, continuous transonic and supersonic wind tunnels. Flexible
plate nozzles, and porous walled transonic test sections of a magnitude never
before attempted were realized in the design of these facilities. Their cost in
terms of 1970 dollars would be about 250 million dollars, to provide a Mach number
capability to Mach 5. GD20, en intermittent facility, provides about L times the
Reynolds number capability of these continuous facilities to llach number 8.5 at
about one-half their cost.

Although a major cost advantage is not apparent by integration with AEDC,
their experience in operating very large facilities of this type with interchange-
able test section carts, flexible plate nozzles, and large compressor plants could
materially aid in minimizing the problems associated with equipment integration
as the facility is brought into operation. For that reason, AEDC is considered a
very attractive location for sucn a facility. Other aspects of this are discussed
in Sections 4.3 and L.k.

The operating costs were estimated based on the ground rules presented in
Secticn 2.3.2, using the following assumptions.

() The compressor plant, and associated equipment runs at its maximum
capacity during an operating shift, therefore the power utilization factor is:

UP = 1.0

MCDONNELL AIRCRAFT
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FIGURE 4-7
COST SUMMARY - GD20
¥Facility Component Cost ($1000's)
Test Leg, Trisonic
Footings and foundations 596
Pressure shell 5,596
Flow spreader 478
Stilling chamber screens 20
Flexible plate nozzle 3,033
Transonic test cart 3,250
Supersonic test cart 2,500
Ejector, transonic 96
Ejector, supersonic 23
Adjustable diffuser and mechanism b2
Muffler 2,156
Subtotal Test Leg, Transonic 15,560
Test Leg, Hypersonic
Footings and foundations 326
Cold Air Inlet Pipes 556
Venturi 9
Pressure siell 1,023
Flow spreader 20k
Stiliing chamber screens T
rlexible plate nozzle 121
Test cabin including schlieren windows LLo
Model support system 150
Ejector 15
Adjustable Giffuser and mechanism 264
Muffler 1,233
Subtotal Test Leg, Hypersonmic 5,018
Induction Heater (For Hypersonic Leg)
Cold air pipe 246
Heater shell and foundation 522
Shaded pole structure T
Induction coils 300
Thermal insulation 265
Heater tubes (steel matrix) 189
Hot air pipe 250
Development cost 38
Subtotal Induction Heater (For Hypersonic Leg) 1,817
0il/Gas Fired Heat Exchanger 800
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FIGURE 4-7 (Continued)
COST SUMMARY - GD20

Facility Component

Cost ($1000's)

Compressor Plant

Building 812
Compressor 9,794
Piping (to storage tanks) 60
Control valves 519
Subtotal Compressor Plant 11,185
Air Storage (Low Pressure)
Storage tanks 25,751
Piping (to transonic test leg) 3,825
Control valves 17,669
Subtotal Air Storage (low Pressure) L7,2L5
Air Storage (High Pressure)
Storage Tanks 9,609
Piping (to hypersonic test leg) 1,458
Control valves 10,690 _
Subtotal Air Storage (High Pressure) 21,757
Test Section Shelter 835
Laboratory and Office Building 450
Model Assembly Building 2,438
Substation 1,440
Hydraulic Power Supplies 1,005
Automatic Control System
Trisonic Leg 800
Hypersonic Leg 800
Subtotal Automatic Control System 1,600
Instrumentation and Data Acquisition
Trisonic Leg 5,800
Hypersonic Leg 3,680
Subtotal Instrumentation and Data Acquisition 9,480
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FIGURE 4-7 (Contin. 4)
COST SUMMARY - GD20

Facility Component Cost ($1000's)
Total GD20 Components 120,630
Contingency € 10% 12,063
Total GD20 Facility Cost 132,693
ASE Fee &€ 65 7,950
Management & Construction Coordination Fee € L% 5,300
Grand Total. GD20 145,943
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FIGURE 4-8
COST SUMMARY - GD20 INTEGRATED AT AEDC

Facility Cc apeonent Cost ($1000's)

Test Leg, Trisonic

Footing and foundations 596
Pressure shell 5,596
Flow spreader L78
Stilling chamber screens 20
Flexible plate nozzle 3,033
Transonic test cart 3,250
Supersonic test cart 2,500
Ejector, transonic 96
Ejector, supersonic 23
Adjustable diffuser and mechanism 12
Muf{lexr 2,156
Subtotal Test Leg, Transoni- 15,560
Test Leg, Hypersonic
Footings and foundations 326
Cold air inlet pipes 556
Venturi TG
Pressure shell 1,023
Flow spreader 20k
Stilling chamber screens T
Flexible plate nozzle 721
Test cabin including schlieren windows Lho
Model support system 150
Ejector 15
Adjustable diffuser and mechanism 264
Muffler 1,223
Subtotal Test Leg, Hypersonic 5,018
Inducticn Heater (for Hypersonic Leg)
Cold air pipe 246
Heater shell. and foundation 522
Shaded pole structure T
Induction coils 300
Thermal insulation 265
Heater tubes (steel matrix) 189
Hot air pipe 250
Development cost_ 38
Subtotal Induction Heater .(for Hypersonic Leg) 1,817
0il/Gas Fired Heat Exchanger 800
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FIGURE 4-8 (Continued)

COST SUMMARY - GD20 INTEGRATED AT AEDC

Facility Component

Cost ($1000's)

Compressor Plant

Building -
Compressor 1,225
Piping (to storage tanks) 60
Control valves 519
Subtotal Compressor Plant 1,804
Air Storage (Low Pressure)
Storage tanks 25,751
Piping (to transonic test leg) 3,825
Control valves 17,669
Subtotal Air Storage (Low Pressure) 47,2545
Air Storage (High Pressure)
Storage tanks 9,609
Piping (to hypersonic test leg) 1,458
Control valves 10,690
Subtotal Air Storage (High Pressure) 21,757
Test Section Shelter 835
Laboratory and Ot.lice Building 450
Model Assembly Building -
Substation 1,440
Hydraulic¢ Power Supplies 1,005
Automatic Control System
Trisonic leg 800
Hypersonic leg 800
Subtotal Automatic Control System 1,600
Instrumentation and Data Acquisition
Trisonic leg 5,800
Hypersonic leg 3,680
Subtotal Instrumentation and Data Acquisition 9,480
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FIGURE 4-8 (Continued)
COST SUMMARY — GD20 INTEGRATED AT AEDC
Facility Component Cost ($1000's)
Total GD20 Components 108,811
Contingency & 10% 10,881
Total GD20 Facility Cost ) 119,692
A X E Fee 8 6% 7,180
Managenmen* and Construction Coordination Fee € L% 4,799
Grand Total GD20 131,661
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FIGURE 4-9
DISTRIBUTION OF FACILITY ACQUISITION COSTS — GD 20

Total Acquisition Cost: $145,943,000

FIGURE 4-10
DISTRIBJUTION OF FACILITY ACQUISITICN COSTS ~
GD 20 INTEGRATED AT AEDC
Total Acquisition Cost: $131,661,000
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(b) The run utilization factor is 0.9 for each leg, but the ccmpresso: plunt
is shared by two legs, zo that effective run utilization factor (UR) is:

Ug = 0.h45
(c) The fac.lity utilization factor {Us) is:
Ur = 0.80
(d) The staff directly charging to the facility is 50 people per test leg.

(e) The annual maintenance cost was based on tte assumption that the com-
pressor plant would represent a major portion of the maintenance costs. Costs were
based on cdata supplied by AEDC an the operation of the VKF compressor plant, and to
account Tor the other maintenance items the campressor plant maintenance costs were
doubled. This cost iacludes only parts and equipment, manpower charges being
included in the 50 people per leg staffing.

Annual maintenance costs, both legs $130,000

Utilizing these factors, the cost equations given in 2.3.2 were evaluated. The
cost per tunnel occupsncy hour per test leg 1s then:

Power 210
Staff 1250
Maintenance 65
Total $1525 per occupancy hour for each test leg

4.3 SPECIFIC SITE CONSIDERATIONS

In addition to the general site considerations in Section 2.7, GD20 poses
problems in two additional areas, namely, the potential noise associzated with its
operation, and the shipment of outsized subassemblies to the site for {ield
fabrication.

Although the muffler concept was tased on a design which met community noise
ordinences (Appendix A), its design mass flow was about 2000 1lb/sec (S06 kg/sec).
The raximum mass flow for GD2C is about 88,000 1b/sec (40,000 kg/sec), and although
it should be possible to maintain similar noise levels, the discharge of that quantity
of air could pose additional prob.ecms. In order to prevent a possible protracted
delay and potentially increased costs due to unanticipated noise problems, a remote
site, away from major population centers, would probably be desirable.

The shipment of outsized subassemblies for field fabrication would require
that adequate rail and road access be available. The proximity of a navigable
waterway could reduce shipping costs and improve the size of components which
could be shipped to the site.

AMCDOANNELL AIRCRAFT
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Although as shown in ttr2 cost section (4.2.6}, the cost advantages of integrat-
ing into the 16S/16T complex at Arrold Engineering Development Center are not large,
the fact that a wind tunnel fuciiity of similar size and complexity has already been
constructad at that site adds .o its potential as a suitable site. The removable
test section carts of the trisoiic test leg have been specified to be interchangeable
with those of the AEDC 16T and 168 PWT facility, enabling tests cn the same model to
be run in any of these facilitices without excessive installation times. Also, the
experience of tnat organizaiic: in operating very large comp-ments., such as the
flexible plate nozzle system should reduce the uncertaintics #ssociated with bring-
ing any facility of this size and complexity into operation. Although other exist-
ing facility complexes could a>commodate GD20, the availability of navigable
waterways in proximity to AEDC, the remoteness of the Arnold Air Force Station with
respect to population centers, and the aailability of personnel with immed_ate
experience in the design, fabricatio.i, checkout, and operation of similar wind
tunnel facilities would seem to present the least hostile environment for the con-
struction and speration of a major new facility such as GD20

L.4 DEVELOPMENT ASSESSMENT

The genersl rules for the development asrcessment arc presented in Section 2.h.
Individual component assessnents are contained in each subsection discussion of
the facility ccmponents, and will be summarized in this section. The following
table lists the individual facility element, cost fraction, confidence level
evaluatior, and technical risk ranking.

Percent Technical

Cost fraction Confidence level technical risk

Item (K1) (Cr;) K; Crg risk ranking
Trisonic test lag .106 . k.1 .435 10.92 3
Hypersonic test leg .035 L.6 .161 2.66 6
Air storage system .180 Lo 1.920 52.20 1
Compressor piant .081 S.0 .Los Lohy 5
Combustion heater .005 5.C .025 27 T
Induction neater .125 3.0 .375 20.Lk0 2
Balance of equipment .168 5.0 .841 9.13 4

Total 1.00 4.16 100.%0

The numerical confidence level associated with the development assessment of GD20
is equal to 4.16. This numerical evalua*ion is consistent with a subjective
evaluation that GD20 represents a larger version of equipment currently in opera-
tion, as based on the definitionc contained in Section 2.4.

The low development risk associated with this facility implies that although
large in size, it does not represent a major challenge to the current fabrication
technology level. As shown, the major risks would be associated with the large, high
pressure air s orage system and the induction heater. The operating principles of
GD20 have been well developed in several moderate sized, industry owned blowdown wind
tunnels. Certain design details of the test legs should be confirmed and optimized
by small scale prototype development. For %he trisonic test leg, these areas are:

MCDONNKELL AIRCRAFT
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1) S%illing chamber design details, particularly the inlet manifold design and flow
disperser and screens. Flat velocity profiles and low turbulence in this area under
all conditioci, ¢7 xass flow wnd valve configuration are essential for the develop-
ment of good test section flow. 2) Confirmation of the nperating characteristics

of the *var-anic ejectors, the ejector flow re-entry to the main flow, and the
supersonic ejectors. For the hypersonic test leg, the prototype electric induction
heater design details and operating characteristics should be investigated on a
stia.t Scale before commitment to final design.

In summary, although both test legs are relatively large, the facility incor-
porates well tried operational techniques and common construction methods, and is
capable of attaining its performance goals with very low risk.

MCDONNELL AIRCRAFT
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L.5 ACQUISITICN SCHEDULE AHD TIMING

The schedule for acquisition of GD20 is presented in Figure 4-11 and is based
on the general considerations given in Section 2.8. It is seen that the facility
can be available for use in a little over six years.

The 6-1/8 year acguisition schedule is reasonable for a facilily of the size
and capability of GD20. Some time elements could be reduced if the program was
conducted on a crssh basis, but the proposed schedule is conservative and allowance
has been made for the usual slippage on a major facility effort. The total period
of 12 months from completion of construction to the end of initial calibraticn
embraces facility demonstration tests as well as calibrations and mav be loneer
than would be allowed under the pressure of test program schedule demands. Still,
this time should be spent before routine test programs are scheduled. The cost and
schedule for acquisi*ion of the complete facility are then:

Cost = = = = = = = = = = = = =« = $145,943,000
Schedule - = = = = = = = = = - ~ T4 months

At the expense of increasing total costs, the annual costs can be reduced by
employing a stretched-out program where the initial facility performance capability
is less than the final poal. This requires sufficient planning so that additional
performance increments can be added without significart interruption of the basic
facility operation.

The primary alternative available for GD20 is to construct the hypersonic test
leg at some time after the trizonic test leg. The complete building for the com-
pressor plant can be initially constructed to accommodate the final number of
nachines. Since the compressors for the hvpersonic leg reaquire a portion of the
output from the compressors for the trisonic leg, provisions should be made to
add these compressors at a later date without seriously interruoting the operation
of the trisonic leg. Adding the hyvpersonic test leg at a later time would reduce
the initial acquisition cost by the amount required for the air compressor, valves,
test leg, muffler, and air storage tanks. Since a common control room and dats
acquisition system building is envisioned, it is assuued that this building would
be built in nearly final form. The cost and schedule alternatives are then:

Cost
Trisonic Leg Initiailv Acquired - - -~ = = = — - = $105,949,000
Hypersonic Leg Acquired at Later Date ~ - = — - - $ 52,000,000
Total - = = = - - $157,949,000
Schedule
Trisonic Leg Initially Acquired = - - = - — — — = 66 months
Hypersonic Leg Requiring an Additional- - - - - - 36 months
Total- - - - - - 102 months

MCDONNELL AIRCRAFT
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FIGURE 4-11
ACQUISITION SCHEDULE, GAS DYNAMIC RESEARCH FACiLITY - GD20
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L.6 EVALUATION SUMMARY

The Poly<onic Wind Tunnel is an aerodynamic simulator, providing dunlication
of local Reynolds numbers in the Mach number range of 0.5 to 8.5. Stagnation
temperature suff’:ient only to avoid air condens. tion in the test section is vro-
vided and no attenivt is made to duplicate the actual flight environment.

In crder to determine the magnitude of the required facility Reynclds number,
the flight envelope encompassing the nine potential operational hypersonic aircraft
was established. From this, the unit Reynolds number requirements, indevendent of
size, could be determined. The flight envelope, and resulting Revnolds number
corridor developed in Volume II are presented in Section 4.0. The nine aircraft
presented in Volume VI can be grouped into three classes by their approximate
lengths.

Length class, 300 £t (91 m) - - - - L1, L2, C1, also Space Shuttle
200 ft (61 m) - - - - L3, Lh4, C2, M2, M3
100 ft (30 m) - -= - —= M1, also Research Aircraft

The adequacy of the present experimental research capability was established
by quantifying the unit Reynolds number corridor for these three characteristic
lengths, and comparingz requirements with existing facility capability. Examining
the three graphs in Figure 4-12, the following conclusions were made.

o In terms of Reyrclds number duplicaiion requirements for the 100 foot (30 m)
lorng vehicles, existing facilities can provide an acceptable degree of
Reynolds number Juplication rarging from complete duplication near the
lower Gynamic pressure boundary to sbeur ‘ne-fifth the maxirum Rewvnolds
nunber at the high dynamic pressvyre = sundarv.

o For 300 foot (91 m) long aircraft, cxisting facilities can achieve dupli-
cated Reynolds numbers at a few Mac'. .umbers for the minimum dvnamic nres-
sure boundary. A serious deficiency in Reynolds number capabilitv exists
particularly at Mach number less than 3. Only 1/15 to 1/20 of thc maximum
Reynolds number, and 1/10 of the cruise Reynolds number can be obtained
with »xisting facilities.

o For a 300 foot (91 m) lone “pace Shuttle vehicle, the onposite judgement
appears valid. Full scale Reynolds numbers over all but a portion >f the
exit trajectory ecan be achieved in existing facilities. Although this
vehicle wac not one of the nine potential operational aireraft, it is pre-
sented to contrast the evaluations concerniny the adequacy of existin
facilities based on different operational concepts.

PRECEDING PAGE BLANK NOT FILME-
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o For the 2J0 foot (61 m) length aircrafs, the adequacy of existing research
capability is not clear-cut. Although not providins the Reynolds number
capability desired, existing facilities could be used to estimate the per-
formance of an operational aircraft. The provision of additional Reynolds
number capability would probably increase the confidence in predicted
performance of the full scele vehicle.

The Reynolds number criteria established from the nine operational aircraft
concepts as a design criteria for the gasdynamic facilities was 1/5 of the maxi-
mum Reynolds number corresponding to the maximum dynamic pressure for a nominal
300 feet (91 meter) aircraft. The 1/5 requirement was developed from data which
was later published in Reference (1) which indicated this as an acceptable extrap-
olation interval to full scale values, employing current aerodynamic theory.

An additional factor in the Judgements affecting the design criteria for the
gasdynamic research facilities was that the simulation level selected for the facil-
ities should represent a significant increase in Reynolds number simulation level
over existing facilities, as well as satisfy the latter potential overational air-
craft criteria. The performance envelope defined for GD20 satisfied both these
criteria.

During Phase III, a final list o’ 278 Research Tasks, each task being a subset
of the T8 Research Objectives, was defined. This list of research tasks was used
to determine the research potential of each candidate research facility considered
during Phase III.

Details of this analysis and evaluation are contained in Volume fV, Part 3,
and are summarized below.

GD20 was identified with having contributions to more Research Objectives than
any other single ground research facility, indicative of its vercatility and capa-
bility. GD20 was evaluated as providing about S0% increase in research capability
over existing facilities. Considering the already demonstrated capability of
existing facilities similar to GD20, this judgement reflects the need for high
Reynolds number research capability in the transonic and suversonic flight regimes
and the influence thal problems in this flight regime can have on the design per-
formance of even hypersonic aircraft. This facility, therefore, is very relevant
to the research and development capability required for potential cperational air-
craft. GD20 has application not only to aircraft characteristic of the HYFAC study,
but can provide a significant increase in research capability for tactical znd stra-
tegic military systems, commercial transports and V/STOL aircraft. For example, a
subsonic model with wing aspect ratios between 6 and 9 could be tested at Reynolds
numbers (based on mean aerodynamic chord) from 27 to 15 million. This is about
2.5 times the present capability (Reference (2)).

The following matriv is representative of the capability of GD20.
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FIGURE 4-12
ESTABLISHMENT OF REYNOLDS NUMBER SIMULATION CAPABILITY
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Figure L4-13 summarizes the performance, costs, development assessment, and
design cheracteristics of GB2G. The numerical confidence level associated with
the development assessment of GD20 is equal to 4.16. This numerical evaluation is
coasistent with a subjective evaluation that GD20 represents a larger version of
equipment currently in operation, as based on the definitions in Section 2.k,

The low development risk associated with this facility implies that although
large in size, it does not represent a mejor challenge to the current fabrication
technology level, and that the major risk would probably be associated with the
large, high pressure air storage system. Its operating principles have been demon-
strated in many moderete sized, industry-owned wind tunnels. Tnis particular
facility can provide - -gnificant increase in the research capability associated
with large aircratt flying high dynamic pressure flight paths. As rointed out pre-
viously, the need for such Reynolds number capability is dominated by large air-
breathing launch systems, transports, and military systems flying low altitude,
acceleration flight paths. In order %o have the necessaryv confidence to proceed
with the development of such large vehicles, a facility having the capability of
GD20 will probably be necessary.

Mo bONNELLE RIRCRAET

h-47



REPORT MDC A0013 ® 2 OCTOBER 1970
VOLUME IV ® PART 2

FIGURE 4-13
PERFORMANCE AND FACILITY SPECIFICATIONS FOR GD 20

Trisonic/ Hypersonic

Test Leg Test Leg
Test Section ft 16x16x 40 12x12x 18
Dimensions (m) 49x49x122) B.7x3.7x55)
Mach Number 05t05.0 451085
Stagnation psia 170294 150 to 2360
Pressure Niced) (11 to 1%) (103 o 1630)
Stagwation % 100 to 250 15€ to 300
Temperatwe ¢c) 37.8t0 121) (65.5 to 427)
Winimea Run 100 100
Time sec
Time Between Avg. 1 1
Runs Hr. Max. 2 2

Cost — $145,943,000 Constructed on New Site
131,661,000 Integrated into 16S/16T Complex at AEDC.

Confidence Level Assessment- 4.16 on a Scale rom 1 to 5, where 5 Represents Low Risk
Existing Equipment Technology, and 1 Represeats High Risk Theoretically Predicted Technology.
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rroceed.  Although existing wind tunnel Tacilities
develoring this technelcgyr dase, they cannct effectively simulate maximum Revnclds
number conditions. This new facility will provide the additional capability in the
Mach number region waich is critical to the deterwi=~*lon of hypersonic cruise

range, fuel consumption, and maneuverability.

GDT is a gas piston impulse tunnel which operates between Macn 8 and Mach 13,
using nitrogen as the test gas. It consists of two independent test legs (Figure
5-1). Both legs have identically sized test sections, 10 feet in diameter {3.05 m),
and have identical nsrdware downstream from the nozzle exit. One leg operates at
Mach 8 through Mach 10, the other at Mach 10 through Mach 13.

In Phzse II, size and pressure tradeoffs were made to determine their effect
on facility component specifications and costs. It was found that the baseline
facility definition, which is the smallest facility size able to produce the desired
Reynolds number (one-fifth of the maximum full-scale values of the HYFAC operational
vehicles), provided a significant increase in research capability as well as having
the best research return per invested dollar. The baseline definition was there-
fore chosen to be carried forward into Phase III essentially unchanged in its
czpabilities.

The performance envelope for GDT7, in terms of its Reynolds number simulation
capability, is shown below. The Reynolds number capability is based on providing
one-fifth the flight Reynolds number for a 300 foot (91 meter) long aircraft flying
a 2000 psft (95700 N/m?) dynemic pressure flight path. For smaller vehicles, and
lesser dynamic pressures, the Reynolds numbers that GD7 provides are greater than
& 20% Reynolds number simulation level.

10°

e Full Scale Reynokds Number Requirement
T~ Based on 300 f1 (X @) Aircralt
~ T ! 2000 55t
- .
- (95,700 N/a)
-
RC\' [ 103 »
- L 200 psf
% (9570 N/ad)
i \ T X — Existing
- i s S 1 Facilities
7 s f
0% 8 10 12 14
Mach Number

MCDONNELL AINCRAFET
5-1



REPORT MDC A0D13 @ 2 OCTOBER 1970

VOLUME 1Y @ PART 2

SOA|BA
[0uD) MOj4

1DAIOSRY PRIERH

U01}29g 1591

Juisnoy poddng |apoy
397 €1 0} 01 YooW

19810

ades0)s 21y 0)29(3
ued

o 108sa1dwo) pue

. _ Kjddng uadoijin

1701018 Yoy ,

-
-

|

~. e
Supi g —/ )

Buyesuidu3

2139(3 4l 0) 4y —

£d9 — LN3WIONVHYY TYHINIO LNVd TVIISAH
- SIHN - 1-6 34N914

AMCDONNELL AIRCRAFT

P%

o S



REPORT MDC A0013 ® 2 OCTOBER 1970
VOLUMEI¥ @ PART 2

The shaded area represents the HYFAC potential operational hypersonic aircraft
flight envelope, for a 300 ft (91 meter) long aircraft. The broken line represents
the maximum capability for a composite of existing facilities. The reference length
on which the Reynolds number is based is the square root of the wind tunnel test
section cross sectional area, defined in Phase I as being eyual to 1.3 times the
aircraft or mcdel length. This sizing criteria was selected because it provides a
wvorking tolerance to ircrease the operational flexibility of the gasdynamic fa-
cilities. A model sized for this facility would be abcut 7.1l feet (2.2 meters)
long.

The gas piston impulse driver uses a technique developed at the Naval Ordnance
Laboratory (NOL),whereby cold gas at the reservoir pressure 1is admitted tc the
upstream end of a heated reservoir. The cold gas acts as a gas piston to maintain
reservoir pressure and expel most of the heated gas. These features eliminate the
non-constant reservoir conditions associated with most fixed-volume reservoir
impulse facilities. Comparison with available techniques shows that longer run
times will be obtained from the gas piston technique.

Energy Source Run Time Remarks
Shock Tube 1 millisecond Turbulent boundarv layer

limited run time

Arc Chamber (Hctshot) 70 millisecond Pressure/temperature
decays with time, quasi-
steady -~ tate

Gas Piston 2 second Limited by length ot
heated reservoir

This facility is larger thar existing and proposed wind tunnels of its type, but is,
in fact, an extension of existing equipment and therefore does not necessarily
require advances in technology. The fact that the facility is quite large does not
in itself imply that higher than normal development risks will be encountered.

The following sections describe the work dene te refine the foecility doesign
and performance, the results of this refinement in terms of facility descriptions
and costs, considerations of safety and site criteria, a. assessment of the critical
areas in developing the facility, and ar analysis of the total facility acquisition
schedule.

5.1 REFINEMENTS IN DESIGN AND PERFORMANCE

A1l work done in Phase III on this facility was concentrated on improvemeat of
the design and specifications of the test legs and facility systems. The major goa
was to refine the specifications so that tne facility will meet its performance
definition at a reascnable acquisition and operating cost. No performarnce compro-
mises or redefinitions have been made.

The following tasks were performed in order to attain the goal of improved
facility description and minimized costs:

NG DUNNELL AIRGCNAFT
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(1) Structural and mechanical layout of both test legs was dome by Fluidyne
Engineering Corporation, using the Phase II facility sketches as a starting point.
Their experience in facility design was useful in searching out and solving problem
areas and in obtaining a good, detailed facility description. Test leg cost esti-
mates were done using the Fluidyne drawings as a basis.

(2) Review of mechanical and ©1uid dynamic principles of the gas piston driver
with personnel at HOL to reflect latest conceolis. This resulted in specific hard-
ware desi;n details and sizing criteria. These criteria, in terms of minimum Froude
number in the hot gas section of the gas niston driver, resulted in the new requirs-
ment for two heaters. and thus two separate test legs to cover the total facility
Mach number range. Prior to this analysis it was thought that one heater and test
leg would be sufficient.

{3) Review cof different methods “o provide energy to the heated reservoir.
The gravhite rod heater currently employed by NOL has been tentatively selected
although several methods should be considered as part of a formal design study.

(4) Idertification of safety hazards, procedures, interlock, and special
system needed to coperate the facility safely. The most hazardous area of the facil-
ity is the ligquid nitrogen gasifier and compresscr systen and the gas piston driv-
ers which operate at extremely hign pressures. The test legs themselves cifer no -
unusual hazards with the possible exception of the very high impulsive noise level
during a run.

(5) The facility was analyzed for construction problems and an acquisition
schedule, up to and including facility shakedown and calibration, was developed.
The major design and constructicnal difficulty is found in the high pressure, heated
gas piston driver vessels and control valves.

(6) The faciliiy was analyzed with respect to site selection criteria. In
this case it appeers that any existing wind ‘unnel facility complex could be an
approvriete site, such as NASA Langley, NASA Ames, A=ZDC, or HOL.

(7) The development risks, and acquisition ané operational problems were
evaluated for each major component, then compilied into an overall facility confi-
dence level rating. The major provlem areas associated with the major components
and overall facility were identified.

(8) The facility was evaluated in terms of iIts ability %o satisfy the per-
formance goals specified originally in Phase I as necessary to accomplish the

Research Cbjectives approoriate to GDT7.

5.2 FACILITY DESCRIPTIONS AND COSTS

The overall facility plant concept is shown in Figure 5-1, with the details
of the tes% legs shown in Figure 5-2. As indicated In the plant layout, althouch
the facility is quite large, the basic plan is simple in concept, 1sing only a

-

minimum of ancillary systems to provide facility omeration.
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: FIGURE 5-2 Tl
GAS PISTON DRIVEN HYPERSONIC IMPULSE TUNNEL - GD7
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The Hyperscniec Irpulse Gasdynamic Research Facility can be subdivided into a
aumber of components to facilitate the discussion of the component description,
cosv, and develorment assessment. The crder of discussion is the test legs, the
gas piston drivers, and the nitrogen liquid/gas converter systemn.

5.2.1 TEST LEGS - The test legs are basically larger versions of existing wind
tunnels. They incorporate numercus concepts from several facilities to enhance
their usefulness and flow quality. The details of the test legs are shown in
Figure 5-2. The basic test leg consists of an axisymmetric contoured nozzle
designed for its highest operating Mach number. Uncoocled replaceable throats are
used to vary the Mach number of the iixed contour nozzle. A fixed throat diffuser
vrovides the means of recovering some of the stream kinetic energy. An air ejector
pump with a pressure ratio of 2 ensures that the facility can be successfully oper-
sted with diffuser recovery pressures as low as T psia (4.8 N/cm?).

An upstream anchor at the intersection of the hezter verti- 1 centerline and
the test leg centerline takes out the nozzle thrust 1oads. The heater is allowed to
mov7e downward to take care of thermal expansion. The nozzle and test section are
s*mported on rollers which allow thermul evpansion. The diffuser section is
anchored in its middie and is supported along its length by rollers on rails. An
expansion joint connects the test section to the upstream end of the diffuser. A
second expansion joint is provided wnere the downstreazm end of the diffuser erntiers
the muffler.

The nozzle throat section connects the heated gas reservoir to tke nozzle.
This section inccrporates a threaded nut with an external chiein drive which is
unscrewed for access to the throat and diaphragms. The put rides on a roller cradle
wvhich allows rearward motion of the nut with respect to the nozzle. Having loosened
the nut, the eatire nozzle and test section iranslates rearward a short distance to
provide working room in the throat sectiom. Insvdection and replacement of the
nozzle tnroat section and diaphragm package are accomplished while model adjustments
and changes are being made in the test section.

The diaphragm pactkage, which is ch-inged for every run, is a staclk of two or
more burst diaphragms with known burst vressures. This system is used to provide
run initiation at exactly the correct stagnation pressure and 10 provide a starting
signal for the data acquisition sysiem and the throttling valves (see Sec. 5.2.2).
The cperating principle of the multiple diaphragms is quite simple, as illustrated
for a two diaphragm system:

r© _PE P, <« Pg

2

t2§> BLEED VALVE

Each diasphragm seals against approximately half the charge pressure. When the run
set-point stagnation pressure has been achieved in the hot gas reservoir and run
initiation is desired, the bleed line is opened, reducing the pressure in the inter-
mediate volume betws~en the two diaphragms. The upstream diaphragm becomes over-
stressed and ruptures, tnus cavsing the downstream diaphragm to rupture.

PRECEDING PAGE BLANK NOT FiLMED
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The nozzle threat insert is inspected and changed, if necessary, at the same
time that the diavhragc package is installed. The throat insert is a small section
wvith a conical entrance and exit and a cylindrical throat with an L/D = 1.0. Vari-
ations in test Mach nuuber are obtained by using different throat diameters.

The axisymmetric rozzle of each test leg is 10 ft (3.05 m) in diameter at the
test section and 70 £t (21.3 m) long. Each nozzle consists of seven conical sec-
tions with precision machined inbterior contours. The exact matching of the con-
tours of adjacent sections vith no steps or slope changes is the only construction-
al problem foreseen with thes= relatively simple test legs.

A closed jet test sectior is prcvided, which incorporates an overhead model
access hatch, a personnel access hatcli, large schlieren windows and a model support
systen.

The model support concept is one which provides a variable pitch capability
during a run, so that a 20° to 25° angle of attack sweep can te made during one —un.
Based on data from MCAIR and ONERA (L'Office Natioral D'Etudes et de Recherches
Aerospatiales, 92-Chatillon, Bagneux, France), pitching rates up to 200 degrees per
second are possible without introducing significant unsteady aerodynamic effects
with flow velecities on the order of T000 ft/sec (2140 m/sec) and model lengths of
2 ft (.61 meters). Based on a model length of 6.8 £t (2.1 m) end a minimum velocity
of 4000 fps (1220 m/sec) in GDT, the same guidelinpe permits pitching retes up to
34°/sec, sufficient to complet2 a pitch polar during even the shortest run time
available.

An air to air ejector system is installed downsteam of the diffuser to increase
the starting pressure ratio and permit operating at static pressures less than one
atmosphere. Starting loads are reduced because of lower starting dynamic pressures
and shorter flow establishment times. 8ix ejector nozzles, onerating at constant
primary flow stagnaticn pressure, are used, in conjunction witk a long ‘L/D = 10)
constant diameter mixing tection, which permits efficient operation throughout a
wide range of facility mass flows.

A tank farm, consisting of 3900 £t3 (110 m3) of storage volume at a pressure of
1100 psi (760 N/cm?), provides primary air to each of the test leg ejector systems.
A single automatically controlled valve upsteam of each ejector manifold regulates
the ejector stagnation pressure. These control valves must be interlocked to pre-
ven. operation except when the facility is ready for a run.

A muffler is provided on each test leg to silence the exhaust noise. A perfo-
rated plate at the entrance to the muffler attenuates the low frequencies and tube
type exhaust stacks lined with acoustical damping material ar¢ used to attenuate
high freguencies. The muffler is built of reinforced concrete and is patterned
after a design which has successfully met the noise attenuation requirements speci-
fied for the city of El Segundo, California (see Appendix A).

The chief s«fety hazard to personnel in the test legs exisis when the cold and
hot sections of the gas piston driver are charged with high pressure nitrogen prior
to a run. The diaphragms are the only seal between the gas piston driver and the
test section. Therefore, mechanical and electrical interlocks must be provided
which prevent charging of the gas piston driver sections, or opening of the ejector

ASCDONNELL AIRCRAFT
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control valves while any access hatches to the test section or muffler are open, or
while the nozzle is translated for thrcat inspection and diaphragm replacement.

A panic button should be provided at various stations in the test leg to disable
the charging and valve control circuits in case personnel are working with the
doors or hatches closed. In addition, interlocks should be provided to prevent
access to the test leg once cthe gas piston driver has been charged.

The cost orf both test legs is estimated to be $2,002,000, including the ejector
tank system. A breakdown of the cost estimates is given in Section 5.2.L.

Tne model support, with its severe pitch rate requirements and large size, has
a confidence level of 3, while the remainder of the test leg compcnerts have a
confidence level of 5. The composite confidence level rating of the test legs is
L.s.

5.2.2 GAS PISTON DRIVER - The gas piston driver concept was probably first employed
by Victor Zakkay at New York University. It has teen further refined at NOL, where
a facility with three test legs, overating at pressures as high as 60,000 psia
(34,000 N/em?), and at Mach numbers up to 20, is under ccnstruction.

The principle of operation is as follows. Two gas reservoirs are provided,
separated by a throttling valve, and sealed from the test leg bty a diaphragm
system (see Section 5.2.1).

THROTTLING
VALVE

ROZZLZ=

-W\\ HEATER-\i jr-DIAPHRAGMS

COLD GAS RESERVOIR HOT GAS RESERVOIR
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Once servicirs uf +he throat section and diaphragm replacement is completed,
the hot gas reservoir is caurged to a designated pressure less than the run Ej
and sealed. The cold gas volume is cherged to a pressure higher than ihe set
point run stagnation pressure. Tie heaters are then turned on until the desired
pressure and temperature is reached. Since the reservoir has constant volume, the
pressure and temperature will rise as thermal energy is added. When the desirec
stagnation pressure and teuperature are established in the hot gas reservoir, the
facility run is started by breaking the disphragms separating the hot gas reservoir
from the aerodynamic nozzle. The signal which initiates diaphragm rupture also
initiates opening of the throttling valve separating the cold and hot gas reservoirs.
As the hot gas flows out of the hot gas reservoir into the nozzle, cold gas is
admitted at a constant pressure equal to the run set-point Po, thus permitting
constant pressure testing for the duration of the run. The cold ai>, admitted to
the hot gas section at constant pressure, acts like a piston, driving the hot gas
out, thus the name gas pistor ériver. This piston action is the key to the operation
of the faciliiy and is the mechanism by which relatively long run times can be
attained in an impuise type facility.

In order to maintain a constant pressure downstream of the throttling valve,
the valve must open progressively, since the upstream pressure in the cold gas
reservoir is decreasing rapidly (a polytropic expansion with n = 1.4). The throttle
valve opening must be electronically or mechanically programmed to provide a constant
downstream pressure. Control of the throttle velve is a development problem that
must be sclved experimen.-1ly.

The facilicy run is terminated when the cold/hot gas interface reaches the
nozzle throat. At thet time, the gas pressure in the cold section must be at
least equal to the run Po plus valve pressure drop. It is this..consideration
that establishes the minimum initial cold. gas raservoir charge pressure.

The following sections discuss the components of the gas piston driver and
same of their design considerations.

Hot Gas Reservoir - The key to successful operation of the gas piston driver is
meintaining a tniu, plane interface between the cold and hot gas by providing suf-
ficient intertace cpeed, such that, in a horizontal reservoir, the cold gas does not
undercut the hot gas. 0L has experimentally determined that for Froude numbers
greater than 12, the interface speed is sufficient to prevent serious undercutting.

F Cold Hot
. 2 - (12 \
Fo = gg > 12 Gas Cas

where V = velocity of iuterface Fr )12 Cold ?____— Hot
N X r Gas Cas
D = diameter of reservoir 7

g = acceleration of gravity

The heaters depicted in Figure 5-2 are shown vertical to minimize thermal convection
¢ffects. However, the design is such that they can operate horizontally, if
necessary, by conforming to the above rule.

MCDONNEKLR AIRCRAFT
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At first, one heater serving the entire Mach number range was considered.
However, there is a large difference in mass flow and pressure rejuired for the
fach 8 and Mach 13 test conditions. A very large hot gas section was rejuired to
;atisfy the mass flow for Mach 8. Sizing this section for reasonaole cold/hot gas
nierface velocities resuilted in interface velocities too low to satisfy the Froude
wumber criterion when operating at Mach 13 (low mass flows). In addition, the hot
gas section had to be stressed to the very high pressures asscciated with high Mach
number operation. The configuration required would have had a volume of 345 ££3
(12.3 m3), an internal dlameter of 42.5 in (108 cm) and would be stressed to hola
the 18, 800 psia (13,050 N/cm®) needed for Mach 13 operation.

It was decided to obtain a2 more rational hot gas reservoir design by splitting
the total Mach number range in half and daesigning separate heaters for each range.
With two heaters required, there are three facility arrangements possible.

0 Single test leg, fixed, with 2 heaters which can be installed alternately.

0 2 heaters fixed in position, with a single test leg which translates
laterally for installation.

0 2 heaters and 2 test legs, both fixed,

It was decided to use the last arrangement because of the size and weight of
both heater and test leg and the requirement that both be firmly anchored.

Many types of heating could be used to add thermal energy of the gas in the hot
gas reservoir. These are discussed in Volume III, Part 1, but are summarized here:

Resistance heater

Arc heater (hot shot principle)

Induction heater

High pressure arc heater (HEAT con:ept of W. Boatwright of NASA Langley).

0O 00O

Each of these has particular asdvantages, and a formzl design study of the gas
piston heater as applied to this Mach range should inciude considsration of these
heating methods. For the purpose of this study, a resistance heater of the graphite
rod type was assumed, this concept being in current operation at JOL and re,rescnt-
ing a2 minimum risk concept on which to base costs.

Graphite heating eiements are required to handle the 25C0°R (1390°K) stagnation
temperature needed for Mach 13. Selection of graphite requires the use of nitrogen
as the test gas and thus incurs the additional expense of purchasing nitrogen and
of providing a nitrogen liquid/gas converter system (described in Section 5.3.3).

It is possible to use a heater element compatible with air for the low Mach number
heater, but a graphite heater is described now for simplicity.

Mach 8-10 Mach 10-13
jot Gas Reservoir Volume 435 £t3 (123 m3) 173 13 (4.9 m3)
Length Lh.2 £t (13.5 m) 32.6 £t (9.9 m)
[nside Diameter 3.54 £t (1.1 m) 2.6 ft (.79 m)
faximum Pressure 6700 psia (4620 N/cm?) 18,800 psia (13,000 N/cm®)
faximum Temperature 1700°R (9L5°K) 2500°R (1390°K)
feater Max. Power 8.4 megawatts

(Rased on 4 minute heating cycle, T0% efficient)

MCDONNELL AIRCRAFT
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.. G=8 RZEZRV2IR - fach test leg is also provided with a separate cold gas reser—
voly, cousisting of a rack of ctressure vessels. Their specifications are:

*ach 8-10 Mach 10-13
Tezal ooll.e 118 £t (33.4 ) 700 £t° (19.8 m°) A
vaxizum Jressure 8560 psia (5900 N/em®) 2L,000 psia (16,600 Ii/ci”)
Lwiter cf Vessels 3 6
Vessel Length Lh,1 rt (13.4% m) 30.8 7t (9.h m)
Vessel Inside Diameter 3.33 £t (1.02 m) 1.67 ft  (.505 m)
TEROTILING VALVES - Zach vank ¢f ccld gas pressure vessels is manifolded to =2 sirn:sle
ks ich serves as tne inlet to the not gas reservoir. A single valve isolates
2 i z23 vessel from the common line and serves as the throttling valve. sul-
T lves are used for the same reasons that multiple blowdown valves are used on
3 f.e., improved contrcl of downstream pressure over a wide range of mass flow.
= larly irmrortant for 307 is the desirability of reducirng valve size to a min-
i R nigh. As it is, a development program will be necessary
< gn the large, high ri=ssure throttling valves and the fast response valve
c L =& setuater systen.

ost of the two gas pistcn drivers is estimated to be 310,758,000 and the con-
nce Level is 3.8,

5.2.3 SITROGEL LIQUIL/GAS CTNVERTER SYSTEM - The gas supply uses a liquid nitrogen
s.orage system with a steac iLeated vaporizer and high pressure compressors. A high
pressure charging line connects the system to each of the gas piston drivers. To
charge the gas piston drivers, the facility must be in a run configuration, with
diaphragms installed and the inter-diaphragm pressures set, the nozzle connected tc
tze Iriver, and all access doors shut. This combination of conditions will allow
tne actuation of the charging circuits. At the start of charging, the throttle
vaives between the hot and cold gas sections are open. When the pressure reaches
tLe proper charge level for the hot gas section (considerably less th:n run Pg), the
tarottling valves are closed, and the cold gas reservoirs continue to be charged,
urtil trey reach their prerun condition. The gas piston driver is then isolated and
ready for & run. The liquid gas converter system is then de-energized and depres-
surized.

Tuis system is comprised entirely of commercial equipment and is obtained as a
vackaze installation. Th=2 deszription of the system is:

Lijuid 3toraze Volume 13,000 gal. (ko m3)
Vzzorizer - Zteam Hegted

Hi%h Trassure Cmpressors 25,000 psi (17,200 N/cme)
Pitingz, vValving, & Controls

Tctal Installed Power 1,400 hp (1040 kW)

The 1ijuid/zes converter system is estimated to cost $468,000 and has a
sornfiderce level of 5.
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5.2.4 COST SUMMARY - Figure 5-4 presents a detailed cost breskdown for the GDT
facility, based on the costing techniques presented in Section 2.

The contributions of the components to the tota! 20st are shown in Figure 5-3 .
The relative cost of this facility as compared to {.. other grourd test facilities
is expressed by the relative areas of their respectivz pie charts. GD7 is, of
course, the least expensive facility in the study, a result to be =xpected as
a consequence of its impulse mode of operation.

FIGURE 5-3
DISTRIBUTION OF FACILITY ACQUISITION COSTS - GD7

Total Acauvisition Cost: $24,187,000

Mach 8-10
Gas Piston

y Mach 10-13
Mach Driver Test Leg
10-13
. — Mach 8-10
Gas Piston
Driver Test Leg
~Miscellaneous

Instru-
mentation and
Data Acquisi-
tion

Lab and
0ffice

The distribution of costs among the facility components has changed from
Phase I to Phase IIT as a result of more detailed calculations of component require-
ments and costs. As indicated in the pie charts, whereas Phase II showed that the
test leg represented a major portion of the overall costs, the Phase III results
show that instrume ‘ation and the gas piston drivers now represent the major cost items.

The operating costs of GDT were estimated based on the ground rules presented
in Section 2.3.2, using the following assumptions:

Yp

Power Utilization Factor 3 for Graphite Resistance Heater
0 for No Compressor

.0 for Ejector System Compressor
0

0]

0]

Time Tsed Per Run

ty
hr for N, Compressor
hr for Ejector Compressor

oW
-

Average Runs/Occupancy Hour = .25, allowing for Test Installation and Removal.
Ng = Staff Directly Charging to Facility = 50

Annual Maintenance Budget = $30,000

ASCDONNELL AIRCRAFYT
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FIGURE 5-4
COST SUMMARY - GD7
Facility Component Cost ($1000's)
Test leg, Mach 8 to 10
Footings and foundations 70
Fixed contour nozzle 165
Test cabin including schlieren windows L6k
Model support system 150
Mixer section 8L
Ejector 18
Fixed diffuser section T1
Muffler 102
Subtotal Test Leg, Mach 8 to 10 1,12k
Test Leg, Mach 10 to 13
Footings and foundations T0
Fixed contour nozzle 165
Test cabin including schlieren windows L6k
Model support system 150
Mixer section 84
Ejector 18
Fixed diffuser section T1
Muffler 102
Subtotal Test Leg, Mach 10 to 13 1,i2k
Gas Piston Driver, Mach 8 to 10 Test Leg
Hot gas reservoir 2,540
Graphite resistance heater 279
Cold gas reservoir storage tanks 2,12
Piping {to test leg) 277
Throttiing valves 380
Subtotal Gas Piston Driver, Mach 8 to 10 Leg 5,888
Gas Piston Driver, Mach 10 to 13 Test Leg
Hot gas reservoir 1,390
Graphite resistance heater 202
Cold gas reservoir storage tanks 2,759
Piping (to test leg) 139
Throttling valves 330
Subtotal Gas Piston Driver, Mach 10 to 13 Leg L, 870
Air Ejector Tank System
Storage Tanks 317
iving (to ejector air storage) 7
Compressor (air) 90
Subtotal Air Ejector Tank System L1k

ACDOANELL AIRCRAFT
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FIGURE 5-4 (Continued)
COST SUMMARY - GD7

Facility Component

Cost ($1000's)

Nitrogen Liquid/Gas Converter System
Liquid nitrogen stcruse, vaporizer, compressor
Piving (to nitrogen storage)

330
138

Subtotal No Liquid/Gas Converter System

Laboratory and Office Building

Substation

Automatic Control System
Mach 8 to 10 Leg
Mach 10 to 13 Leg

L68

1,400

300

1Go
100

Subtotal Automatic Control System

Instrumentation and Data Acquisition
Mach 8 to 10 lLeg
Mach 10 to 13 Leg

200

3,100
3,100

Subtotal Instrumentation and Data Acquisition
Total GDT Components

Contingency € 10%

6,200

21,788

2,199

Total GDT Facility Cost

A & E Fee @ 6%

Management and Construction Coordinaticn Fee @ L%

24,187

1,456
963

Grand Total GD7

MCDONNELL AIRCRAEY
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Up = Facility Utilization Factor = .3

Using these factors results in the following breskdown of operating cost per
tunnel occupancy hour.

Power $ 10
Staff 1,670
Maintenance 50
Total $1,730

MCDONRNNEKL ©. AIRCRAFT
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5.3 SPECIFIC SITE CONSIDERATIONS

Owing to the relatively small size and low power requirements of GDT7 there are no
factors favoring its installation at any specific site. Practicelity would dictate
that this facility be located at an existing wind tunnel complex such as NASA Ames,
NASA Langley or NOL.

5.4 DEVELOPMENT ASSESSMENT

The general yules for the development assessment are presented in Section 2 L.
Individual component assessments are contained in each subsection discussion and are

summarized here. The following figure lists the individual facility element, cost
fraction, confidence level evaluatio., and ranking of the iechnical risk.

GDT Development Assessment Summary

Cost Confidence Percent Technical
Fraction Level Technical Risk
Ttem (K;) (cL; ) K; CL; Risk Ranking
Mach 8-10 Test Leg .051 4.5 .229 L. 67 L
Mach 10-13 Test Leg .051 L.s .229 L.67 L
Mach 8-10 Gas Piston Driver .268 3.8 1.018 36.05 1
Mach 10-13 Z‘as Piston Driver .220 3.8 .836 29.57 2
Air Ejector Tank System .019 5.0 .095 1.16 8
No Liquid/Gas Converter .021 5.0 .105 1.28 7
Laboratory and Office .06L 5.0 .320 3.91 6
Substation .01k 5.0 .070 .86 9
Automatic Control System .709 5.0 .0Ls5 .55 10
Inst. and Data Acquisition .282 5.0 1.410 17.23 3
Total 1.000 R 100.00

The numerical confidence lcvel associated with the development assessment of
GDT is equal to 4.36. This numerical evaluation is consistent with a subjective
evaluation that GDT ecsentially represents a large version of existiang impulse
wind tunnels.

The low development risk associated with this facility implies that, although
larze in size, it does not represent a major challenge in design or fabrication. The
highest risk items are the gas piston drivers, largely because of the very high pres-
sures which must be contained, and because of the throttling valve development pro-
gram which must be conducted. The op=2rating principles of the test legs have been
demonstrated in many existing impulse and blowdown wind tunnels while the operation
of the gas piston driver has been proven at New York University and NOL. These ap-
plications, however, were for small tunnels of higher Mach number than GDT, so it
cannot be said that the gas piston driver is a proven concept in this application.
There is no reason to doubt that a successful gas piston driver can be developed,
although a working design may differ appreciably in arrangement, detail, and even
specific heater type as mentioned in Section 5.2.2. The numerical confidence level of
3.8 given to the gas piston drivers reflects these considerstions.

In summary, GDT is a large version of existing hypersonic tunnel design concepts
with a very high confidence level with respect to its successful design, fabrication,
and perfcrmance.

nlcmw_.u AIRCRAET
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5.5 ACQUISITION SCHEDULE & TIMING

The schedule for acquisition of GDT is presented in Figure 5-5 and is based
on the gcneral coasiderations given in Section 2.8. It i3 ceen that the faciliity
can be available for use in slightly less than 5 years.

The L-2/3 year acquisition schedule is reasonable fo: =z facility of the size
end capability of GDT7. Some time elements could be reduced 1f the progiam were
conducted on a crash basis, but the pror .ed schedule is conser-vative and allowance
has been made for the usual slippage on = major facility effrrt. The total period
of 8 months from completicn of construction to the end of initial calibration
embraces facility demonstration tests as well as calibrations and 1ayv be luneer
than would be allowed under the pressure of test prugram schedule demands. 3till,
this time should be spent before routine test programs are scheduled. The cost and
schedule for acquisition of the complete facility are then:

COSE 4 v v v v v e e e e e e e e e e e e e e e . $26,606,000
Schedule . . ¢ ¢ ¢ & ¢ 4 « o« » 4 ¢« » s« « s+ s o s « « 55 Months

At the expense of slightly increased .otal cost, the annual costs can be reduced by
initiating a stoetched out program where the initial facility performance is less
than the final goal.

The primary cost stretca out alternative available for GDT is to construct the
Mach 10-13 hypersonic test leg at some time after the Mach 8-10 test leg. All
subsystems and the laboratory and office building are common to both test legs and
would be provided during the initial acquisition, except the instrumentation system
for the Mach 10-13 leg. The entire facility would be designed as an entity accord-
ing to the schedule in Figure 5-5, but actual construction of the test legs would
be sequential. The initial construction should be comnlete in 50 months including
shakedown and calibration, and approximately 24 months would be required to complete
the second increment. At a total facility cost of $29.0 million, there is not
really much annual cash flow reduction by this schedule stretchout compared to the
reductions possible in some of the larger facilities. The cost and schedule for
this alternative is then:

Cost
Mach number 8 to 10 leg . « « « o « &« « + « . « . $15,480,.20
Mach nuwmber 10 to 13 1eg . « « « « » « « « . . . $13,520,000
Total $29 ,000,000
Schedule
Mach 8-10 leg initial acquisitioa . . . . . . . 50 Months

Mach 10-13 2nd increment requiring an addltlonal 24 Months

Total 7L lionths

MCDONNELL AIRCRAFT
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FIGURE 5-5
ACQUISITION SCHEDULE — GAS DYNAMIC RESEARCH FACILITY ~ GD7
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5.6 EVILUATION SUMMARY

As for the Polysonic Wind Tunnel {GD20), analysis of the capabilities of
existing facilities in the Mach number range of GDT7 showed a serious deficiency for
large aircraft flying & high dynamic pressure trajectory (This discussion is pre-
sented .- Section L.6, and will not be repeated here). The follcwing sketch illus-
trates the Reynolds numbers required for a 300 ft (91 m) long aircrait flying tra-
jectories bounded by 2000 psf (95,700 N/m2) and 200 psf (9570 N/m?) dynamic pressure
limits, compared with tke capabilitias of existing facilities and of GDT.

10°

—
HYFAC Reynolds
saumber Comridor

108

Reynolds Number Based on ¢

The Reynolds number criteria established as a design goal for the gasdynamic
facilities was 1/5 of the maximum flight Reynolds number. An additional factor
in the judgements affecting the design uriteria for the gasiynamic research fa.il-
ities wss that the simulation level selected for the facilicies should represent
a sizaificant increase in Reynolds number simulation level cver existing facilities.
The performence euv:ilnve defined for GD7 caticfied both these criteria.

PRICEDING PAGE BLANK NOT TILMED
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During Phase II1, a final list of 278 Research Tasks, each task being a subset
of the T8 Research Objectives, was defined. This list of research tasks was used
tn determine the research potential of each candidate research facility considered
during Phase ITI. Details of this analysis and evaluation are contained in Volume
IV, Part 3.

GDT wes identified to have contributions to many Research Objectives. Research
Chjectives were writtern for the entire Mach number range for the HYFAC operational
vahicles. Only research applyving to the L2 and M2 vehicles applied to GDT, since
the other vehiclas do not reach the minimum Mach number of GDT7, whereas GD20 con-
tributes to the Researrh Objectives for all the HYFAC vehicles. In terms of re-
search cspebility, GDT was evaluated as providing about a 4O% increase over exist-
ing fazilities in Its Mach number range. Considering the already demonstrated cap-
ability of existing facilities, this judgement reflacts the need for high Reynolds
number rescarch capebility in the hypersonic flight regime, and the influence that
problems in this flight regime can have on the design performance of hypersonic
eireraft. This facilitv therefore is very relevant to the reseasrch and development
capsebility required for potential operational aircraft. GDT has application not
only to aircrafit types characteristic of the HYFAC study, but can provide a sig-
rificant increase in research capability for taccical and strategic military systems. '

The following matrix is representative of the capabili:y of GDT

o

Increased Research HYFAC Strategic Tactical Interceptor
Capabidity in the Vehicles Missiles Missiles
Area of:

No-..le Thrust Minus Drag ] ° ° L)
Inlet Development ® ) L]

. ! T
Shock,Bogndary Layer ° ° . °
Interactions
Aeroelastic Effects ° ® ) .
Maneuvering Maximum ] x L
+ift Coe®ficient
Stability and Control » e ) ®
Fower Erfects ) X ) ®

Contribution: & Significant
X Limited

It should be . oted that, in the case of the missile systems, required test
angles of attack are appreciably less than for aircraft, enstling the us< of a

much longer model relative to the test section height tnan ~ossible for sircraft.

AMCOOANNMELL AMMCRAFET
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The conservative model sizing rule used here for aircraft has been L = /C/1.3.

Yor slender missiles with limited angle of attack ranges, L can be on the order of
2/C or approximately 2.6 times the length of an aircraft model, with a resultant
increase in test Reynclds number. Likewise, models which reprecent aircraft con-
siderably smalier than the nominal 300 ft (91 m) HYFAC aircraft can be tested at
Reynolds numbers much closer to full scale flight values (dependent on the full
scale vehicle flight corridor) than the 1/5 value obtained for the HYFAC airplanes.

Figure 5-6 summarizes the nerformance, costs, development assessment, and
design characteristics ur GDT. The numerical confidence level associated with the
development ussessment of GD7 is equal to 4.36. This numerical evaluation is
consistent with a subjective evaluation that GD7 represents a larger version of
equipment currently in operation, as based on the definitions in Section 2.4

The low development risk associated with this facility implies that although
large in size, it does not represent a major challenge to the current fabrication
technology level, and that the major risk would probably be associated with the
lrrge, high pressure gas piston drivers. Its operating principles have been demon-
strated in moderate sized hyperscnic wind tunnels. This particular facility can
provide a significaa%t increase in the research cepability associated with large
aircraft flying high dyaamic pressure flight paths. As pointed out previocusly,
the need for such Reyuolds number capability is dominated by large airbreathing
launch systems, transports. and military systems rflying low altitude, acceleration
flight paths. In order to have the necessary confidence to proceed with the de-
velopment of such vehicles, a facility having the capability of GDT will probably
be necessary.

FIGURE 5-6
PERFORMANCE AND FACILITY SPECIFICATIONS FOR GD7

| Test Section | 10Feet Dia.
Dimensions 3.6 m)

Mach Number 81013

Stagnation 300 to 18,000 psia
P& {206 to 13,000 N/cad)

Stagaation 1200 to 2500°R
Temperature (790 to 1300°K)

Minimum -
Run Tire 1 to 4 Seconds
Time Biween 1 Howr Average
Ruas 2 Hour Maximum

Cost - $26,6G6,000

Confidence Level Assessment - 4.36 on a scale trom

1 to 5, where 5 represents lLow Risk Existing Equipment
Technology, and 1 represents High kisk Theo:retically
Predicted Technology.

ACDONNELL AINCRAFY
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6. COMPOUND TURBOMACHINERY TEST FACTLITY (E20)

E20 is a continuous engine test facility which provides full flight duplicated
conditions *o two test legs at flight Mach numbers up to 5.5. Traditional direct
connect testing on 100,000 1b (485,000 N) thrust class engines is done in the
direct connect test leg. A second test leg, embodyirg a novel testing scheme, is
provided. This test leg, the free-jet test leg, is sized to accommodate hypersonic
inlet and engine packages for inlet/engine integration studies of approxi=ately
50,000 1b (222,500 N) thrust engines.

The facility was specified to provide full flight duplication in the direct
connect ande throughout the flight Mach range of 0.3 to 5.5, as exemplified by
Figure 6-2, and free-jet testing at angles of attack throughout the flight Mach
number range c¢f 0.3 to 5.0.

The flight corri »r chosen for the faciiity, in combination with the
requirement that full rlight duplicated conditions must be provided, completely
defines the range of stagnation pressures and temperatures required for the facility.
These requirements, fcr both direct connect testing and free-jet testing, are shown
in Figure 6-3c. The parameter most directly sffecting facility test capability
and cost, the mass f'ow schedule, is a function of the specific mass flow require-
ments of the cagines to be tested. Definition of this reguirement was an important
part of the Phase III study.

Direct connect testing represents the lowest cost meth.,d of obtaining
continuous testing. In this test mode, the engine is connected directly o a sub-
sonic duct, or bellmouth, whic™ provides the engine with the correct flow rate
at the duct stagnation pressure and temperature which would exist in the aircraft
inlet duct after the flow had been decelerated to a subsonic Mach number. The
cost of this method is less than that of freejet testing because much lower maximum
facility stagnation pressures are required, and no mass flow rate is provided
except shat actually unceded to go through the engine. This greatly reduced cost is
obtained at the expense of full similitude of dynamic conditions iw the flow pro-
vided to the engine. These factors, which affect inle: duct/engine compatibility,
are typified by pressure recovery, distortion and tirbulence, and can only be
evaluated in free--jet testing of the inlet/engine combination throughout the full
flight trajectcry and angle-of-attack renge. Evaluation of static flow distortioms
produced by the inlet duct system can be done by testing large scale inlet wind
tunnel models ™ 1 stati~ distortions measured can then be produced by distortio
screens ir % ¢ wr=ct facility.

Somre 2 T . i+ = g0 produce the flow distortions and correct boundery
layers e « . =~xeo-307 the direct connect facility with a two-dimensional,
single . » - - ™ number nozzle in pl-:e of a subsonic bellmouth.
This *r . ..+ ' 3. ucze cf testing, wherein a low supersonic Mach number
flow .- : - = .Y L, 2o v 2 the actnal airplane duct system which then feeds
the engi -~ « 2 “re ow % stem is used, from Jjust forward of the dvet throat
to the e - . 1% 5 saw iy w better representation of the effects of actual
duct cont L « <o - 2mperuture on flow velocity profile and boundary layer

growth is oc.airzd.

AMCDONNELL AIRCRAETY
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The free-jet test leg has been re-sized from its Phase II description tc operut-
within the limits of the facility major systems which are required by the direct
connect test leg. A nozzle size of 8 £t oy 4.5 ft (2.4 by 1.L meters) is provided.

In free-jet testing, the actual freestream dach number is developed in the
nozzle, and the entire inlet duct/engine combination is tested. This type of
testing is the most costly method, since the full free<tream stagnation pressure
must be obtained, and a considerable surplus of facility mass flow must be provided
over that mass flow which actually goes into the engine. Three different facility
schemes can be usad for free-jet testing.

. The first-method is the propulsion wind tunnel, which has a nozzle test sec-
tion large enough to accept the inlet/engine combination at maximum angle-of-
attack. Considerable nozzle height must be provided in order that sufficient
room is left between the inlet and tus ceiling and the exhaust nozzle and tlLe floor
&t the test section to avoid interference effects. This method, although most
satisfactory from a technical standpoint, has not been considered because of the
very large nozzle size and mass flow rate needed in comparison to the other two
methods, which are not smell in themselves.

The secornd method is a test cell where the inlet/engine is mcunted on a fixed
thrust stand and the nozzle is pitched. This metnod is used on small facilities
with success and has an ~dvantage in that the exhaust piping of the engine can be
non-movable. In the case of E20, however, the large Mach rang. requires a very
long and heavy flexible plate nozzle with water ccoled walls. The weight and com-
rlexity of this system make it entirely impractical to pitch the nozzle.

The thnird method, which has been chosen for the free-jet test leg, uses a
large flexible plate water cooled nozzle, fixed in position. An inlet/engine model
is mounted within a test section, whose ceiling and floor remain parallel while
ritching with the ir‘et/engine. An articulated diffuser moves up and down with
the test swection ar . wmps the flow into & plenum charber. 4 collector in the
Plenum chamber is counrected to the exhaust piping. The top ¢ . bottom mnlates of
the diffuser can move differentially with respect to each other, as well as
together, so that optimum difluser efficiency can be cbtained at all Mach numbers.

In summary, the free-jt vest leg is capable of dcing performance and PFIT
tests on a continuous basis, a1d with full duplication of flight stagnation
temperatures and pressures, over the Mach number range of 0.3 to 5.0. It is
especially suited to testiug inlet/engine compatibility problems, using inlets and
engines of approximately 5C,000 1b (222,500 N) thrust.

The following sections describe the work dcne t. refine the facility design
and performance, the results of this refinement in terms of facility component
descriptions and costs, consideraticns of safety, and site criteria, an assessment
of the critical areas in developing the facility, an analysis of the total facility
acquisition rchedule, ar a summary of the facility evaluation.

MCDONNEILL AIRCRAFT
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v.l REFINEMENTS Il DESIGii AND PERFORMANCE

The work done on this facility during Fhase III was concentrated ir three
areas:

o Re-definition of engine sizes to be accommecdated

o Resizing of ali facility components based on engine definitions

o Zstimation of more realistic hardware specifications and costs
The Tcllowing tasks were performed in order to satisfy tuese requiremerts:

1) Maximum engine sizes were defined, in consultatior with the HYFAC
propulsion technologists. Supersonic turbojets, turbofarns, turbcramjets and
subsonic turbofans were specified in order to define a facility mass flow schedule
adeguate for the engine testing needs of 20 to 30 years fror iow.

2) The total inie* direci connect flow reciiremewts of the facility were
calculated, based on the engire requirements ard the HYFAC flight corridor.

This requirement is shown in Figure 6- 3 a, b, c.

3) Having sized the weight flow requir~ments, a detailed analysis of com-
pressor and exhausier requirement was done. A by-oroduct of this work was an
analysis of the riow cocling requirad to reduce the exkauster inlet flow tempera-
tures to acceptablie leveis and reduce exhauster in.et volume flow. It was
fcuni that owing to the combinaticns of compres..cr and exhauster capacity reguired
at any given test voint, a2 1/3 reduction in totszi capacity could be achieved by
designing a combined compressor/exhauster nlant, Specifications ana costs of a
plant fulfiiling the developed requirementz were wecrked out by Allis-Chalmers.

4) An analysis of “he heater r:guirements was done, and a reasonable power
limit was specified. 4 small portion cf +the low altitude, kigh Mach number {light
corridor for the turboramjet engine was sacrificed at a2 ccst saving of about $83
million.

5) Conversations with staff and operating personnel at AEDC were held with
respect to vossible use of existing systems at AZDC by £2C. It was felt that a
facility of such magnitude as E20 coulé not pessibly shere any utilities or
support systems with existing facilities. <fConseguzntly, all E20 systems have been
considered to be vrovided speciifically for E20. It was also determined that the
operating costs presented in Phase II were ~cnsidered very high. The reason for
this was that relatively high values of power utilizatior factor (Up) and run
utilizaticn factor (UR} had beer used. Values which were more i. line with those
normally obtained in very large facilities were used in this phese as a result of
the AEDC cenversations.

6} Structural and mechunical layout of both test legs was dcne by Fluidyne,
based tie rough Phase II sketches and the FPhase IIT requirements. This facility
in part._ular benefitted from the expertise Fiuldyne appiied tc ther~ layouts.

Test Jeg cost estimates were done using the Fluidyne drawings as a basis.

MOD-ONNELL AIRCRAFT
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T7) The free-jet leg was re-sized to fit the major support systems defined
by the requirements of the direct connect leg. The transonic test region of the
FJ leg was eliminated since it had little research value and imposed severe wvolume
flow requirements on the exhausters. The size of the free-jet nozzle meeting
these restrictions is 8 £t x 4.5 £t (2.4 x 1.4 m). These dimensions are about
Lalsr the values used in the Phase II work.

8) Analysis of safety hazards to personnel, test article and facility were
performed by Fluidyne, and procedvres, safety interlocks, special subsystems, and
control system rationale needed to operate the facility safely were described.

Q) As the elementary cost analysis in Phase II showed, the costs of support
systems were the dominating factor. In addition to obtaining much more
sophisticated ecuipment requirements, costs of all equipment were estimated.
where possible, by equipment manufrcturers. These estimates are based on gross
specificaticns and not a detailed engineering sivdy of each individual component.
The costs estimatzd by the vendors and manufacturers, therefore, are engineering
Judgements based on their industrial experience.

10) An analysis of the problems and risks associated with each major
component and system of the facility was performed. A composite assessment for
the entire facility was calculated. This assessment attempts to quantify the
facility cornfidence level and identify major problem areas.

11) An evaluation of the facility was made, summing up its ability to per-
form the research tasks in relation to its acquisition and operating cost.
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6.2 FACILITY DESCRIPTIONS AND COSTS

The E20 Compound Turbomachinery Research Facility is, like all continuocus
engine test facilities, basically a large plant capable of producing the required
mass flows, pressures, temperatures, and altitude duplicated static test conditions
to a test leg or legs. The magnitude of the major systems required, as well as
their costs, dwarfs the specific dimensions and costs of the test legs. In fact,
it is characteristic of such facilities, having provided the flow requirements
through the construction of compressor plants, exhauster plants, heaters,
refrigeration plants, flow and facility cooling systems, and the instrumenta-
tion and control complex required to operate these systems, that many test legs
or cells having special test features can be placed in the circuit. In the case
of E20, a straight-forward direct connect test leg and a unique form of free-jet
test leg are provided. Figure 6-1 depicts schematically tne general layout of
E20, showing the major systems required to picvide and condition the inlet and
exhaust flows for the test legs. An actual overall design layout, not attempted
in this study, should incorporate a piping layout which would allow the later
addition of other test legs in a neat and simple manner, with no disruption of
existing capabilities or test operations.

Two factors are the prime determinants of the definiticas of the test legs and
major facility systems, aad thus their cost.

(a) The Flight Envelope to be Duplicated - For £20, this enwelope is shown
in Figure 6- 2. The boundaries for ergines suitable for the various HYFAC opera-
tional airplanes are shown solid, and are essentially the 4dynamic pressures of
200 and 2000 psf (9570 and 95,700 N/m?). An internal duct pressure limit of 15C psi
(103 N/cm?) is also used, this limit being equal to the maximum internal pressure
that the MCAIR structural and propulsion technologists believe can be sustained
in a duct which incorporates articulated ramps without excessive structural weight
renalties. A typicsal flight boundary for subsonic aircraft is also shown since
it is contemplated, even though such aircraft are not part of the HYFAU study, that
an engire test facility plant capable of testing the large supersonic engines, being
a very costly and large facility, should be capable of handling advaanced technology
engines of all types. Included in Figure 6-2 are two regions which will be
unavailable for complete flight duplication. One region is bounded by the maximum
facility air temperature and is determined by the temperature limits ¢r the heaters.
This is discuss- . in more detail in Section 6.2.%. Air flow rates and stsgnation
pressure can ' : duplicated in this region but true stagiation temperatures cannot
be drplicated. The second region shown is unavailable only for the case of the
turboramjet engine (described below), because of the chosen heater power limit.
As will be described in Section 6.2.5, the TRJ engine imposed very severe heater
power requirements on the facility and it was judged expedient to mske a 50% reduc-
tion in the heater power limit, with a corresponding reduction in cost (about
$83 million). The net effects of this rather drastic compranise is the elimination
of the test area in question, for the TRJ only. The other study engines are not
affected by this chosen power limit.

(b) 'The Engines to be Accommodeted - As mentioned in Section 6.0, having
chosen the flight corridors to be duplicated, thc¢ factor having the maximum impace
on the design and size of the test legs, and more importantly on the specifications
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FIGURE 6-1
PHYSICAL PLANT GENERAL ARRANGEMENT - E20
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FIGURE 6-2
FLIGHT BOUNDARIES ASSUMEL FOR E20 CANDIDAT E ADVANCED
TECHNOLOGY ENGINES
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of tue major facility systems, is the mass flow schedule required. The total
facility mass flow requirements are based on the composite inlet flow requirements
of the various engines to be tested.

The aid of the HYFAC study group propulsion technologists was enlisted in
order to define the sizes of various engine types which migit reasonably be expected
to be operational within 20 or 30 years. No firm ground rules could be obtained
or generated which would establish maximum feasible engine sizes based on physical
laws or concepts like diminishing efficacy with increasing size, although it is
reasonable to presume that some such natural size limiting factors ds, in Tact
exist. In the absence of any absolute engine size limitations, the growth trend
of turbojet and turbofan engines were examined and a rough ercrapolation was done
to establish a reasonable engine size for each cf several types. The engines upon
which the facility requirements for E20 are based are:

(1) Turbojet, lMach O to 4.0, producing 100,000 1b (4Ll ,800 N) sea level static
thrust on J? fuel or approximately 150,000 1b (668,000 H) thrust using LH, fuel.

(2) Low bypass turbofan, bypass ratio = 0.7, Mach 0 to 3.0, producing 100,000
b (4LL 800 i) sea level static tnrust on JP fuel and approximately 150,000 ib
(668,000 ¥) thrust using LH, fuel.

(3) Turboramjet, Mach range O to 6.0, producing 100,000 1b (4L 800 N) sea
ievel static thrust on LHp fuel.

(4) Subsonic turbofan, bypass ratio = 8, Mach 0 to 1.0, producing 60,000 1b
(267,000 J) sea level static thrust on JP fuel.

Published engine mass flow characteristics of smaller engines of cach type were
used to establish their mass flow characteristics for the specified HYFAC or sub-
sonic transport flight boundaries, and these curves were scaled up corresponding
to the thrust levels of the four defined engines.

These inlet flow requirements for t. : four defined engines are shown in
Figure 6 -3 a, b, and ¢. Figure 6-3a shows the stagnation pressure required for
direct connect testing versus mass flow. The comporite of the four engine require-
ments established the total facility inlet requirements. Also shown on this
figure is the requirement of the free jet test leg with a nozzle size of 8 ft x
4,5 ft (2.4 m x 1.4 m). These nozzle dimensions were chosen specifically so that
the free jzt leg could operate using the major facility systems as defined by the
direct ccnnect leg. In other words, the free jet leg is considered an adjunct
to the main test capebility provided by the direct connect leg, and no extra costs,
except for the test leg costs, are incurred in any of the major systems because of
“he free jet lez. TFigure 6-% shows stagnation temperature requirements versus
mass flow for the four engines and the free Jet leg. This plot shows the facility !
heater temperature and power limits (described also in Section 6.2.4 and 6.2.5).
The shaded zones, described before with respect to the flight corridor, affect only
the TRJ engine as defined. TFigure 6~3% shows stagnation pressure versus stagnation
temperature. The entire region required will be provided, up to the heater tempera-
ture limit.
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FIGURE 6-3
INLET FLOW REQUIREMENTS FOR THE DEFINED ENGINES AND
THE FREE JET TEST LEG
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FIGURE 6-3 (Continued)
INLET FLOW REQUIREMENTS FOR THE DEFINED ENGINES AND

THE FREE JET TEST LEG
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FIGURE 6-3 (Continued)
INLET FLOW REQUIZEMENTS FOR THE DEFINED ENGINES AND
THE FREE JET TEST LEG
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These inlet flow requirements were wed as the basis for calculating the
requirements for the major facility systems. The following secticns describe the
test legs, the compressor/exhauster plant, the heaters, the spray cooling and
dehumidification cooling system, the refrigeration plant, and present a ccst sum-
mary of the facility.

6.2.1 DIRECT CONNECT TEST LEG - This test leg is basically an extension of tra-
ditional direct-connect engine testing technology to the large turbojet, turbofan,
and turboramjet engines defined in Section 6.2.

Mechanical ard structural Jdetails of the direct-connect test leg are shown
in Figures 6-4 and 6-5, while Figure 6-1 presents an isometric view of the
entire facility showing the relationship of the two test legs to the support
systems.

This test leg is designed to provide contiruous, subsonic duct flow to the
engine for performance and PFRT testing. An additicnal testing capability is
provided by the installation of a modified direct-connect device. This device
is shown in the lower arrangement in Figure 6-4, and consists of a “wo-dimensional
flexible supersonic nozzle connected to a portion of the artual eirplane duct.

The nozzle duplicates a supersonic Mach number inside the airplane inlet, down-
stream of one or two compression shocks. The nozzle can be set al a nominal Mach
number ard given small Mach changes on a scheduled time basis to evaluate the
response of the engine to incremental velocity changes. Incorporation of an actual
portion of the duct with -the use of the same materials gives a better representa-
tion of duct boundary layer and velocity profile than straight direct connect
testing.

The test leg is connected by a large system of piping and valving to a com-
pressor/exhauster plant, a refrigeration plant, a heater system, a cooler system
and an intake tower and exhaust muffler. The system is designed to operate in a
wide variely of configurations. For instance, inlet flow can be direct from the
atmosphere or from the compressors, heated or cooled. The facility can exhsust
straight to the muffler or through the coolers and exhausters to the muffler,
dependent on the test conditions being run. This flexibility of operation is
required by the wide range of altitudes and Mach numbers specified by the HYFAC
flight corridor, and is responsible for the extremely large system requirements
compared to existing facilities.

Control of test conditions is accomplished by coordinating the configuration
and outputs of all the major systems and is done on a continuous basis.

The remainder of this section is devoted to discussion of the design features
of the direct connect test leg components, problem areas, safety considerations,
and construction techniques.

The inlet piping of the test leg is arranged such that air from the compressor
or atmosphere flows directly to the test cell. Isolation valving allows flow to
enter directly from the compressor, cooled or uncooled, or through the heater sys-
tem, which consists of combustion heat exchangers and electric induction heaters
in series (Sections 6.2.4 and 6.2.5).

MCDONNELLE AIRCRAFT
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FIGURE 6-4
E20 TURBOMACHINERY TEST FACILITY — DIRECT CONNECT TEST LEG
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FIGURE 6-5
E20 TURBOMACHINERY TEST FACILITY — PLAN VIEW M
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A larg. gate valve is -sed to isolate the lsrge diameter cold air piping from
the test leg while the heater system is orerating. This valve must be protected
from the hot air by a cold air bleed downstream of the valve. Water cooling may
also be required for the vaive trim. A water cooled plug valve is used to isolate
the direct connect leg from the free Jet leg, to which it is connected by a cross
header. Thi< pipe is used “c parmit the use of two induction heaters in the direct
connect leg when high mass fl-w and maximum power are regquired. In regards to
control and safety, these va.ives should be interlocked into the facility control
as configuration interlocks to verify their position pricr to running.

The inlet piping and stilling chamber consist of large diameter sections
insulated externally for refrigerated flow ccnditions and Internally to protect the
piping walls during hot flc«# cconditions. The stilling cli:xber Tovses a flow
spreader and burner. The access hatch must be interlochel to pravent operation
with the hatch unsecured. 1In addition, emergency shutdown switches should be pro-
vided within the stilling chamber for added personnel protection.

The stilling chamber is designed to accommodate a carbon fuel burner which
may be necessary if the main heat.r system, described in Section 6.2.5 cannot be
designed to operate zt 2000°F (.093°C) outlet air temperature. The carbon fuel
turner consists of a piping manifold gridwork with many small burner jets. A
burner control system interlocked to the facility operation will be necessary.
This system must be capable of assuring proper burner cperation regarding air tem-
perature ard of jdentifying problem situ-tions such as blow-off which could fill
the stilling chamber with a combustible mi:ture and be hazardous to operation.
Burners of this nature have been installed in the inlets of test facilities and
have been operated successfully. Design and fabrication problems are not antici-
pated with the burner system; however, the operation, interlocks, and control
procedires will require careful study to provide a safe operating system.

The test cabin is a 20 foot (6 meter) diameter, 73 foot (22 meter) long vessel
containing a replaceable inlet pressure bulkhead, a suspended thrust bedload cell
arrangement which adapts to several engine stand configurations, and a downstream
bulkhead containing the engine exhaust collector. The test cabin is fitted with a
monorail craae to assist installation. EIquipment access is provided through a
large side opening hatch which opens teo floor level for ease or installation. The
coaplete interior of the test cabin shell is insulated to protect against the heat
gererated by the test engine.

The test cabin, as designcd, features tlie capability of handling three types
of engines up to 120-inch (3 meter) Ciameterr and incorporating the respective inlet
ducting requirements and exhsust configurat.ons. The specific details of the three
engine inlet duct configuirations vary significantly and in reality will vary some-
what between engines of the same type. The important consideration is that the
test cabin be designed with flexibility such that a veriety of engines and duct
configurations can be installed. The most complex inlet configuration will involve
the modified direct connect installation. This inlet consists of an adjustable
nozzle entrance utilizing a single Jack nozzle block and flexible plate. Further
inlet duct adjustments are vprovided downstream utilizing a hinged wall single Jjack
arrangement. Support structure, thermal protection, and automatically controlled
pover screw jack systems will necessarily be required. The test cabin size anti-
cipated can handle this equipment. The design and fzurication of the direct
connect arr 1gements are of relatively standard design and, although large, do not
go beyond current fabrication capability. Additional features of the test cartiun
would in:lude pressure relief equipment ard blowoff diaphragms, a sump to co lect
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water which could accumulate from the exhaust spray cooling system, and a test
cabin ventilator which would be used to vent ihe area to protect perscrnel and
equipment against possible explosiorn, fire hazards or toxic fumes. Fire suppres-
sion equipment wil. i:Z30 be necessary in and around the test cabin area. The test
cabin should be ©itted with safety interlocks to prevent facility or engine opera-
tion unless Ll.: «. iipment hatch, personnel hatch, and cabin ventilation system are
secured.

A portion of engin2 performance testing involves determination of engine con-
trols and dynamics suck as (1) engine starting and acceleration, (2) determination
of operating limits relating to combustor blowout, compressor stall, etc., and (3)
det~rmination of engire characteristics in regards to achieving stable operation
end rapid response tc items such as changing load demands. To safely conduct engine
performance tests will require precise handling of the engine control systems in
conjunction with tlie operation of the facility. To accomplish this, the engine must
necessarily be instrumented with fast response sensors whose output can be inter-
locked to allow engine and facility shutdown before a potentially hazardous coundi-
tion arises. Among these sensor measurements are fuel flow conditions and the
temperature of various components and pressures within these components. Each sen-
sor readout system should incorporate preset limits, which, if exceeded, would shut
the facility down in normel fashion in an emeirgency mode, depending upon the over-
load condition.

It is assumed that the control room will be sufficiently removed and protected
from the test area and that the area will be cleared of personnel during facility
operation.

To provide static pressure simuiation for turbofan engine testing, an exhaust-
er manifold around the engine exhaust duct is provided which is sized to handle the
fan flow. When testing this configuration, the fan flow exhauster must be
programmed intc the interlock system as a portion of the overall faciiity and
engine control system. This system must also incorporate safety interlocks to
prevent operntion if either test cabin hatch is open.

The primary engine exhaust ducting is interchangeable depending upon engine
configuration. This exhaust ducting utilizes backside water cooling to protect
the duct inlet and water spray cooling to reduce the exhaust gas temperature
before entering the muffler or exhauster. The water cooling systems, including
controls, storage, and treatment, will necessarily require safety interlocks to
assure proper cooling water availability and control prior to testing. If water
system fallure occurs during testing, an emergency shutdown operation would be
initiated.

The water spray coocled engine exhaust is ducted either directly tc the muifler
in the case of sea level testing. or to the exhauster plant and then to the muffler
in the case of aititude simulation testing. When the exhausters are used, addi-
tional cooling must be done to reduce the inlet temperature to the exhausters to
100°F (37.8°C), and to reduce the specific volume of the inlet flow to the ex-
hausters by removing waper vapor. This job is handled by the dehumidification
cooling system, which is described in Section %5.2.6.
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Isolation valving is provided in both the sea level and altitude simulation
exhaust configurations. The exhaust ducting is fitted with pressure relief and
blowoff systems in the event of over pressurization. Access to the exhaust ducting
will be necessary to accomplish inspection and routine maintenance. The access
hatch aid interior of the exhaust ducting must be fitted with interlocks and safety
switches to prevent operation with the hatch open. The isolation valving between
the exhaust duct and muffler, and between the exhaust duct and exhausters will re-
quire interlocks to verify the ducting configuration prior to running.

The muffler is common between the two test legs of this facility and also
handles the flow from the exhauster plant. The basic configurstion utilized here
is identical to that of Lhe gas dynamics facilities. The muffler attenuates low
frequency noise utilizing a perforated section and high frequency noise in tubular
exhaust stacks lined with acoustical treatment material. The basic muffler struc-
ture is reinforced concrece. Safety precautions to prevent injury to personnel
while inspecting or maintaining the muffler will be required.

A major design cnallenge of the facility will be in the area of establishking
an operating procecdure oi process control which identifies the operating sequence
required for safe operationr, such that the specific facility subsystem interlocks
and erngine test condition interlocks can be svecified and incorpcrated into the
various components.

There are no features of Lhis test leg which represent any major requirements
for development programs or research, with thz possible exception of the design of
the direct-connect bellmouths and the modified direct-connect apparatus. The large
size of wvalves and test leg components, compared tc existing facilities, necessi-
tates assigument of a confidence level of L to the test leg. The cost of the direct-
connect test leg is estimated to be $9,959,000.

6.2.2 FREE JET TEST LEG - This test leg is usea to provide flow to an opereiing
engine/inlet combination, on a continuous basis, at actual flight Mach numbers up
to 5.0. The test section is 8 feet (2.4 m) high by 4.5 feet (1.4 m) wide. It can
sccommodate approximately half scale versions of the largest advanced technology
inlet/engine packages.

Mechanical and structural details of the free jet test leg are shown in Figure
6-6 and 6-5, whi’e Figure 6-1 presents ..n isometric view of the entire facility,
showing the relationship of the two test legs to the support systems.

The test leg is connected by a complex system or piping and valving to a com-
pressor/exhauster plant, a heater system, a cooling system, an intake tower and an
axnaust muffler. All systems operate on a continuous basis and can be varied
through the entire Mach number, altiiude range vhile running.

The sti:iling chamber is =zn internally insulated piring section containing the
flow spreader and, if required, a carbon fuel burnar similar to that described for
the direct connect test Jeg. 7In this test leg, the stilling chamber is the anchor
point, and the downstream sections of the test leg are supported on trackage which
allcws for longitudinal expansior and alignment. Access to the stilling chamber

will be required for flow spreader, burner and adjustable nozzle inlet inspection
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and maintenance. This access hatch and the interior cf the stilling chamber should
include interlock switches to.prevent operation and to shutdown facility operation.

A water cooled single Jjack nozzle, with an adjustable nozzle block and a f.ex~
ible plate is used to provide free stream conditions to the test section. This
nozzle is similar in design concept to that used in a supersonic wind tunnel at the
FFA facilities in Sweden (Reference 5), the primary difference being size. This noz-
zle Is gpproximately five times larger and must withstand three times the temperature
and two times the pressure loads of the Swedish design. The adjustable throat
components are designed such that the loads on these components are nearly balanced,
allowing adjustment during a2 run with moderate power required to drive the screw-
Jack. The flexible plate portiaon completes the nozzle contour. Minor adjustments
are available at the downstream end to provide for boundary layer compensation.

This compensation mechanism operates off the nozzle block screw jack system. The
temperature requirements of the test leg require that sections of the adjustable
nozzle be water cooled which complicates the design problem. The adjustable nozzle
walls seal against Water cooled sidewalls which are structurally supported within
the 20-foot diameter pressuia shell. The d=sign problems associated with this
nozzle will fall within the details of the edjustment mecheanism. This system is
power driven and mu.t be interlocked into the facility control system to assure

a proper positicning program during test lez operation and synchronization of both
sides of the noz.le.

A seal arrangement must be provided at the nozzle block pivot in the stilling
chamber. Leakage in this seal could pressurize the pressure vessel behind the
nozzle. To prevent damage i1 lezkage occurs, the vessel should be fiited with
pressure relief and blowoff safety egquipment. Pressure sensors should be installed
to detect leaks and initiate facility shutdown procedures. The water cooling sys-
tem for the nozzle and sidewzlls must be interlocked to the faciliity control oper-
ation to assure proper cooling conditions prior to the start of a run. During a
run, the water system conditions must be automatically monitored and interlocked
into an emergency shuvdown procedure should the water ccoling flow or pressure
become iradequate. Access for inspection and maintenance of critical nozzle areas
such as -rals, adjustment mechanisms, and water connections should be provided.
These access areas will require safety switches within the shell and interlocked
hatches to prevent operation or to shut down the facility.

The articulating test section, which provides a thrust stand and support for
the full scale operating engine, is capable of movement to allow engine angles of
attack between -6 tc +22°, The test section and adjustable diffuser are actuated
together to provide a suitable diffuser ducting configuration. The details of
the two exiremes of test section and diffuser articulation are shown on Figure 6-6
The articulated test section and diffuser is the design concept which sllows the
nozzle height to be cnly 8 ft (2.4 m) and stilli allow pitching “he inlet/engine
combination %o 22°, If & standard propulsicn wind tunnel approach is used, where
the test sectien is levge enough to pitch the test article, test section height
of wbout 20 ft (6.1 m) is required. The articulated test section and diffuser
is specified in order to minimize facility construction costs and facility support
system requirements. io major cost saving can be made without some sacrifice
however. 1In this application, although full duplication of inlet Mach number is
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FIGURE 6-6

E20 TURBOMACHINERY TEST FACILITY — FREE JET TEST LEG
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attained. the facility flow field near the engine exhaust is compromised because
of the shock waves and expansion fans which emanate from the upstream pivot points
of the test section when it is pitched. It is felt, however, that although this
may affect thuiust measurement, that dynamic interactions of the inlet and engine
will be accuratel-r reproduced. Shock waves emanating from the inlet nose are
cancelled by the perforated test section ceiling, through which an auxiliary
suction system operates.

The diffuser is hinged to the downstream end cf the test section and is articu-
lated so tnat it maintains a horizontal position as it slides up and down within
the water-cooled sidewalls. Differential motion of the top and bottom surfaces
of the aiffuser allow optimized diffuse throat settings for all test secticn
Mach numbers. This feature is requirea to allow maximum pressure recovery in the
exnaust ducting, which minimizes exhauster inlet flow volume. The positioning
systems to articulate t.e test section and diffuser and the btinged and sliiding
seal sections will provide a formidable design problem.

Continuous facility ..nd engine operation over a range of conditions with test
section variations will require a complex control ard safety interlock system to
assure a safe, properly sequenced, and coordinated operation. Some of the hardware
and subsystem items in the test cabin-diffuser arrangement which will require inter-
locking to the test leg control system are:

o Water cooling to sidewalls and diffuser spray in proper condition for running.
after run is started, the water system is interlocked such that failure of the sys-
tem would automacically shut down the facility.

o The facility air flow control and compressor plant operation must be pre-
progrsmmed to the adjustable nozzle and the articulating test section-diffuser
cequenced with both. If a real time trajectory is considerad, the timirng of the
sequence operation will necessarily complicate the control and interlock system.

o The engine control will require sequencing to the test conditions and ad-
justable nozzle ccafiguration., After run start, adjustments of the nozzle, to
change test conditions, will probably necessarily be slow. Avoiding pressure
and temperature fluctuations may be critical to the engine performance, and care
to avoid off-design loading will be necessary.

o Sensors measuring engine conditions and the conditions of the many components
of the test leg will be interlocked to avoid excessive loads fror developing and to
initiate shutdown should they arise.

The structure housing the test section and diffuser is a rectangular beam
structure which supports the sidewalls and articulaiing mechanism for the mcveable
top and bottom sectionus. A large equipment hatch is provided to allow engine
installation. This section must also be fitted with wressure velief and blow-off
equipmen.. To remov- .xcess spray water which is not vaporized, a sump is pro-
vided in the hottom or ine structure. An additional feature whichk must be included
within the test cabip area is a ventilator which vents the area to protect per-
sonnel and equipment against possible explesion, fire hazard, or toxic fumes.

Fire suppression equipment must be provided in and around the test section while

PRECEDING PAGE BLANK NOT FILMED
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the cabin is open and work is being performed on tie test article. The hatch and
ventilation system must be interlocked to prevent operation unless secured.

At the downstream end of the diffuser, a transition section from rectangular
to square to round collects the exhaust and directs the flow iito the muffler
or exhauster piping. The transition inlet is sized to handle the exhaust with
the diffuser at either extreme of articulation.

Derending upon the test cornditions, the exhaust flow is either carried directly
to the muffler or the exhausters. The discharge from the exhausters also enters
the auffler system. Isolation valves in the muffler and exhauster lines provide
control over the exhaust test configuration. These valves must be interlocked to
assure the proper exhaust configuration vrior to startiag to run.

The muffler system was previously described in the discussion of the direct
connect test leg and will not be repeated. The muffler structure is common to
both the direct-connect and free jet test legs.

The free jet leg, although not extremely large, incorporates features which
have not been incorporated in existing engine test fecilities. Design details
and verification of the operating principles of the water-cooled nozzle and the
articulated test section and diffuser should be worked out on a small scale before
a comnitment to final design is made. Because of these factors, a confidence lev 1
of 2 is assigned to the free jet test leg. The cost of the test ieg is $4,879,003.

6.2.3 COMPRESSOR/EXHAUSTER PLANT - The mass “low requirement at altitude and
Mach numoer for each of the assumed engines and the free jet leg was translated
into facility inlet and exhaust conditions.

For the inlet side, which must be provided either straight from atmosphere or
by a compressor plant, the mass flow and inlet pressure were converted to compressor
inlet volume flow rate and pressure ratio (Pr) sc as to determine total compressor
requirements. Inlet volume flow was calculated at an inlet pressure of 13.8 psia
(9.5 N/cm?2) to allow for inlet pressure drop, and at an inlet temperature of 90°F
(32.3°C). Relative humidity at these conditions was assumed to be 50%. Required
pressure ratio was calculated by:

Pr = Pp/P; = Pp/13.8 -

where P> was determined from the total pressure required at the test leg stilling
chamber plus frictional pressure losses produced by the supply line and the still-
ing chamber hardware.

The results of these calculations are presenied graphically in Figure 6-7a,
which portrays the minimum pressure and volume flow requirements.

Similar calculations were made for total exhauster requirements. Tn this case,
Pr is defined as before, but P} is the variable inlet prassure and P2 is constant,
defined to be 14,7 psia (10.1 N/cm2). Inlet temperature was assumed to be 100°F
(37.8°C). Since moisture is introduced into the flow by both the cambustion in the
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engine and oy the spray ccoling apparatus,the relative humidity of the flow entering
the exhausters is 1007 at all inlet presstwres. This water vapor must be con-
s:dered wher caleulating inlet velume flow because at a Pr = 9 {P; = 1.083 psia

(1.12 I/em) for example, saturated flow at 100°F (37.8°C) has a total volume

2.% times the dry air volume. Another factor included in the total volum= flow

was tie contributicn added by the engine fuel. This was taken to be six percent

for hydrogen and 35 for JP fuel. Exhauster inlet Tiessure, which is used to
caiculate both Pr and volumetric flow rate, was assumed to be T9% of normal shock
recovery.

With the above assumrtions, the total exhauster requirements were calculated
and are shown in Figure 5-Tb.

Analysis of the compressor plus exhauster requirements at any given test con-
dition showed that at the maximum compressor volumetric flow rates, exhauster re-
quirements were minimal and sometimes non-existent (direct exhaust to atmosphere).
The reverse situation was also true. By providing four independent banks of
machiines, all four of which can be operated as exhausters, and three of which also
be operated as compressors, all the simultaneous compressor/exhauster requirements
of the facility can be satisfied. These four banks each have a nominal inlet flow
of 1,000,000 cfm (28,320 m3/min}. The choracteristics of the individual banks are
shown in Figures 6-7c. 4, and e.

Allis Chalmers has d2veloped the specifications for a compressor/exhauster
rlant which will fulfil: the requirements as developed. A schematic of this plant
and a bill of material is shown in Figure 6-8.Banks 1 and 2 are identical and sat-
isfy the requirements pre.=nted in Figure 6-Tc. For the {lows requiring Pr's equal
to or less than 11, two VA-1300 mackines are in ceries with 4 V-1300 machipes.
Wnen a Pr greater than 11 is needed, ¢ne of the V-1330 machines is put in series
with the other 3 V-130C machines creating, in effect, a third stage with overall
?r = 31. To.do this job, the odd V-130C machine is powered with a 60,000 hp
(4L ,700 kW) motor rather than the 22,500 hp (16,750 kW} supplied cn the other
+three machines. Bank 3 is used primarily as an exheuster, but does come into use
as a compressor when total compressor requirements exceed 2,000,000 cfm (56,600
5:3/min). This bzuk does not require the fourth machine in the second stage. Bark
L4 is used only as an exhauster and consists of two VA-1800 machines in series with
a single VA-1400 mechine. A total of 20 compressors are required for the plant.
“his compressor/exhauster plant is a very sophisticated plant in that it can be
cor.figured to perform various ccmbinations of compresscr/exhsaster and operate
over a wide range of pressure ratio and flow. The cost of this plant is broken
down as follows:

Hechapical components: Including all equipment
listed on the bill of material plus installation

and set up charges. $ 99,541,000
Machine footings, fourdation and building. 2,600,000
Total $102,141,000

Although one of the largest single compressor plants designed, all components
represent hardware either available or designed, so a confidence level of 4.5
is assigned. ’
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FIGURE 6-17
CHARACTERISTICS OF E20 COMPRESSOR/EXHAUSTER PLANT

a. Total Requirements When Operating as Compressor (Banks 1, 2, and 3)
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FIGURE 6-7 (Continued)
CHARACTERISTICS OF E20 COMPRESSOR/EXHAUSTER PLANT

b. Total Requirements When Operating as Exhauster (Banks 1, 2, 3, and 4)
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FIGURE 6-7 (Continued)
CHARACTERISTICS OF E20 CUMPRESSOR/EXHAUSTER PLANT

¢. Individual Requirements of Banks 1 and 2
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FIGURE 6~7 (Continued)
CHARACTERISTICS OF E20 COMPRESSOR/EXHAUSTER PLANT

d. Individual Requirements of Bank 3
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FIGURE 6-7 (Continued)
CHARACTERISTICS OF E20 COMPRESSOR/EXHAUSTER PLANT

e. Individual Requirements cf Bank 4
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FIGURE 6-8
E20 COMPRESSOR/EXHAUST PLANT
Schematic of Plant Layout
a :
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i |
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*Allis Chalmers Mode! Numbers
Utilities Summary Bill of Material
Total Compressor Power - hp (kl)3 157,500 (563,000 Compressars  Swilch Gear Dryers
Cooling Waler Requirements - gpm (m° min) 190,000 ( 720 :::s g;t: Cember g: P?::u
R Plates ormers mg
Walet S!shl Power hp (kW) 4,000 ( 30.;&) Labe Syt Aati-Swrge Control ¢
Hydraulic System Power - bp (kW) 5000 ( 3729 Coolers interconnecting Piping  Evacuation Sysiem
-hp (kW) 803,500 1597.220) Gears and Valvieg

Total Power

AVCDONNELL AIRCRAFT

6-31



REPORT MDC A0013 @ 2 OCTOBER 1570
VCLUMEIV ® PART 2

6.2.4 COMBUSTION HEAT EXHANGERS - The criginal intent regarding inlet fiow
heaters for this facility was that electrical induction heaters would be used.
However, initial inquiries regarding the cost of induction ccils reveaied

that this item alone would cost about $245 million when a separate and adequate
induction heater was specified for cach test leg. Two changes were made “~ oxrder
tc reduce heater cost., First, it was decided to share total heater capaciiy be-
tween both test legs. Second, it was decided tc use combustion fired air-to-air
heat exhangers, which are relatively inexpensive to acquire and operate, to do
the initisl heating as high as 1000°F (538°C).

The total heat exchanger requirements for the turbojiet engine, the turboramjet
engine and the free jet test leg are shown in Figure 6-9. Fifty percent hea:t ex-
change efficiency is essumed and inlet temperature, from heat-of-compressicn, is
300°F (149°C). The shaded area represents the choser temperature and neat input
boundaries. Two independent units are used, each havirg the fellowing rating:

Max Heat Transfer. . « .« . « « « « « « . 1 X 107 Btu/hr 7.5 x 1012 Joules/hr)
Inlet Temperature. . . . . . . . . . « . .300°F 1 oc)

Max Outlet Temperature . . . . . . . . . .1000°F (538°c)

Max MassS FIOWe v« v v o o o = o o o« o « . 21140 Ibm/sec (517 kg/sec)

Max PreSSUre . « « « + o » o o « o « o . 2100 psia 1276 H/cme)

Estimated cost of the combustion heat exchanger units is 320 million. These
units, although very large, will probably he assembled using multipie units o~
current design, and are thus given a confidence level of 4.5.

6.2.5 INDUCTICY HEATERS -~ A pair of continuous duty electric Incduction heaters
with total input power of 500 MW are used to provide temperatures from 1000° to
2000°F (538° to 1093°C). The to%e2l neating requirements for the turbojet engine,
the turboramjet engine, and the free jet test leg are shown in Figure 6-10.

The chosen heater temperature and power iimits are indicated. A portion of the
tirboramjet enveiope will not have true temperature duplication because of the
power limitation chosen. This area, though large in the To, ¥ plane (Figure 6-3b),
represents only a small region of high Mach number, low altitude testing which

is not availsble with the flight duplicated stagnation tempcrature, 2nd affzcl.
only the turboramjet engine as defined (Figure 6- 2 ). Twice the proposed induc-
tion heater capacity would have to ve provided, at an additional cost of approxi-
mately $83 million,in order to completely cover the requirements of the TRJ engine.
It is felt that the limitation of total-heater power to 500 MW was a reasonable
trade-off of test capability versus component cost. The 250 MW modular approach
taken, however, permits the incremental addition of more units if that capability
is needed. '

This type of heater is not common in curren. operations; however, inducticn
heaters have long been utilized as research tools and for industrial applications.
This particuler heater is no*t the storsge type but must run continuously, an
added design consideration. It should be noted tha* it will be necessary to con-
sider additional study on a small scale prototype basis to assu ~ that satisfactory
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FIGURE 6-9
E20 COMBUSTION HEAT EXCHANGER REQUIREMENTS AND LIMITS
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FIGURE 6-10
E20 ELECTRIC INDUCTION HEATER REGUIREMENTS AND LIMITS
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heater operations under the ouperating conditions of this facility will be ob-
tained in the wultirate design.

Each heat-r is suspended in a pit and is supported on cclumns which allow
heater expansion without a cihange in the horizontal centerline. The airflow
enters the bottom of the heater and is discharged, hot, into the stilling chamber
viping. This allows the grate to be designed for temperature conditions less
severe than the matrix., An added design feature could be incorporated to provide
«&air coclirg to the grate structure which could eliminate the grate as a possible
“imitation on the heater operation.

N

‘The continuous electric heater consists of a matrix of T.D. rickel or columbium
tubes', supported on a grate structure st the bottom of the vessel, heated by
electricel induction. Water cooled electric coils, irsulated from the tube matrix
by alumifq brick, provide the heat generating field. Several coil circuits are
vrovided tt _allow flexibility in the heating process. The he~ater must incorporate
temperature‘scnsing instrumentation in the matrix, insulatic , and on the vessel,
which is interlocked intc the facility operation.

The electrical coils are water cooled. This cooling water system will require
special treatment to prevent corrosion and degradation of the copper coils. The
vater system must be adequately instrumented and controls interlocked to allow
“acility shutdown in the event of he-ter system failure or coil [ailure. The crol-
ing wster pressure must be balanced with the heater air pressure. The desizn and
fabrication challenges anticipated with respect to this heater fall within tae
electrical heating >vstem, i.e., the electric power conirol system, the electric
coils, the terminal coanection which penetrates the vessel and the electric coil
support and insulation within the hester.

Zachk induction heater is rated as follows:

Maximum Power . . . . « =« « ¢« =« « « « .« 250 Megawatts

Inlet Temperatwre . . . . - « « . . . . 1CO0°F (536°C)
Maximum Outlet Temperature. . . . . . . 2000°F {1093°c)
Maximum Mass Flow . . . +. « « « « . . . 1020 lbm/sec (465 xg/sec)
Maximum Shell Pressure. . . . . . . . . 40O psia (270 N/cmg)

These induction heaters probably represent the greatest technical risk area among
all the mejor support srstems. As previously mentioned, it is possible that
materials, reliability, or operational difficulties may restrict the performance
ot these heaters and alternate heater types, or supplemental heaters like the
carhon fueled burner may have tc be provided. The estimated cost of the induction
heater system, including its gas turbine gererator power supply is $107.455,000.

A confidence level of 2 1s assSigned.

6.2.6 SPRAY COOLING AND DEHUMIDIFICATION CCOLING SYSTEM - The heat introduced
into the air fl-~ by the inlet hosters and the engine coperating in the test
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section must be remcved so that the exhauster inlet volume flow is reduced to a
minimum and that flow temperature is low enough for reliable operastion of the down-
stream configuration valvine and exhauster machinery.

A water spray, located directly behind tbhe test section in both test legs,
is used to drop the flow temperature from temperatures in the L000° to 30CO°F
(2200 tc 2700°C) range to about 100 to 210°F (37.8 to 100°C). The actual tempera-
ture downstream of the spray is a unique function of the pressure st that location,
since the fiow then contains fully saturated vapor. Likewise, the amount of water
required per pound cf dry air is a unique function of the static pressure, for a
given upstream air temperature. These fractions are shown in Figure 6-11a for an
upstream air temperature cf 4O00°F (2L80°C) snd an initial water temperature of
80°F (26.7°C). The minimum dormstream temperature under these conditicns is also
shown as a function of static prossure. If excess water is sprayed in, no addi-
tional cooling will be cbtained, t.e excess being drained to the barometric well.
With the range of air flows availabl: in E20, a spray system having a water flow
rate of 20,000 gpm (75.6 =3/min) is re-uired.

The meximum allowable compressor il.let temperature is 100°F (37.8°C). An air-
to-water heat exchange system is instalred dcwnstream of the spray cooling unit to
obtain this final increment of cooling. As the temperature of the wet air mixture
érops in the coolzr, aearly all of the water vapor intrcduced by the spray cooler
is condansed out of the flow, greatly reducing the volume flow to the exhausters.
The relationships for this process are shown in Figure €-11b. The heat exclLangers,
known as dehumidification coolers, are built in eight individual units, one on each
exhauster bank inlet pipe. These ccolers are each 33 ft (10 @) in diameter and
approximately 50 ft (15 m) long. Each group of two coolers is serviced by a water
supply system which brings 80°F {26.7°C) water from a lake or reservoir and returns
the warm water to the reservoir. A third coolilg sys:em is providea for the back-
side cooling of the thrcat area of the free jet nozzle. This scystem is a clicsed-
loup demineralized water system, incorporating a water-to-water heat exchanger.
Chilled water for the heat exchanger is proviced by reservcii- water.

A ti:ef summary of the three cooling systems follows:

Sprey Ccoling:

Maximum Flow Rate. . . . v « v v v « o o « « « - « 20,000 gpm (75.6 m3/min)

Maximum Pressure . . . . « « « « « o « « « « « . . 50 psi (34.5 N/cm?2)

Punp HOrsepower. . . « « « « & « « « o o« « = « - - 1,00 hp (775 kW)
COSTe v v o v 4 o o e e e e e e e e e e e . . 349800

Dehumidification Coolers:

Heat Exchangers - 8§ Finned Tube Type Units, Eecn
33 ft dia x 50 ft 1g

Maximum Flow Inlet Temperature . . . . . . . . . . 210°F (99°¢c)

ASCDONNELL AIRCRAFT
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FIGURE 6-11
E20 FLOW COOLING RELATIONS
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Outlet Temperatuie (Ail Ceaditions). . . . . . . 100°F {37.8°C)
Maximum Total Dry Air : .- 4882 « « « « - . . « 2,000 lbm/sec (910 kg/s=c)
Maximum Total Wet Mixture Flow kate. . . . . . . 4,830 1hm/sec (2190 kg/sec)
Maximum Heat Exchange Requirements . . . . . . . 12 x 109 Btu/hr(12 x 1012
Joules/hr)

fGtal Water Flow Requirements. . . . . . . . . . 690,000 gpm (2610 m3/min)
{rrovided in Four Separate Systems)

Maximum System Pressure€. . « . « « « « « « « . . 90 psia (62 N/c2®)
Total Water Pump Power . . « . « « « « « « . . . 68,800 hp (51,200 kW)
COSte v« v v o o v o o o« = o o o« o o » = « « $23,900,000

Nozzle Water Cooling:

Demineralized Water System

FlowRate . « « « « - = « « « <« ... . 600gpm (2.3 m3/min)
Maximum Pressure. . . . « « = « « « « « . . 210 psia (145 N/em®)
Minimum Water Teuperatu. € . . . . . . . . . BO°F (26.7°C)
Maximum Water Temperature . . . . . . . . . 207°F (97.2°C)
Water Pump ower. . . . « « « « « « « « « . 150 hp (112 xwW)

Water to Water Heat Exchanger

Maximuri Heat Exchange Required. . . . . . . 39 x 106 Btu/hr (41 x 109
Joules/hr)

Reservoir Water FIow. « « + « « « « « « « « 9,750 gpn (37 m3/min)

Maximum Water Pressure. . . . . . . . . . . 130 psia (90 ¥/em2)

Water Pump POWET. . « ¢« v « o o « o « « « o 1,260 hp (500 kW )
COSE v v o « o o o o o o s o o s o« o« » = o« » « « $430,000

The total water ccoling requirements, though large, require the application of large
quantities of industrial sized equipment, and do not require the development of new
techniques. A sophisticated water flow and pressure control system closely in-
tegrated w. ““the air flow conditions is required. A coniidence level of 4 is
assigned t: .2 ccoling systems.

6.2.7 RETRIGERATION PLANT - Simulation of the higher altitudes at subsonic and
transcnic Mach numbers requires the provision of refrigeration plant copscity for
the inlet flow.

RMCDONNELL AIRCRAFT
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Refrigeration regquirements were calculated for the direct-connect test leg
and the results are shown in Figure 6- 12. Refrigeration capacity which is needed
for the turbojet engines, the turboramjet, and the subsonic fan je* is shown. The
chosen plant limits are indicated. No compromise with needed capacity has been
made except for minimum air temperature, which is set at -30°F (-34.4°C) rather than
the desired -60°F (-51.1°C) to elminate the need for a cryogenic system.

The given refrigeration requirements were used by Viiter Manufanturing Company
to estiiate the plant equipment needed, using & conventional ammonia mechanical
refrigeration system.

Maximum Refrigeration Capacity. . . . . . . . .20,800 tons (26.4 x 10° Joules/hr)
Meximum ASr Flow. = ¢« v v v v v v« « o = = « « +2,580 1bm/s2c(1170 kg/sec)
Minimum Air Temperature . . . . . . . . . . . .=30°F (-3k.%4°c)
Total Installed Power . . - - . « « « . . . . .19,950 hp (14,800 kW)
Cost. . . . . ..o oo oo ... . 328,303,000

It can be seen from Figure 6-12 that the major requirement for refrigeration
capacity results from inclusion of the subsonic turbofan, a non-FYFAC engine. As
menticned before, this engine was included for completeness. If, however, this
engine is elimirated from consideration, tctal plant capacity required is reduced
to 7,000 tons (8.9 x 109 Joules/hr) for an approximate cost reduction of $19 million.

All equipment required for provision of the refrigeraticn capacity is similar
to existing designs but is of a plant size much greater than current practice. For
this reason, a coniidence factor of U is assigned.

6.2.8 COST SUMMBRY - Figure 6-13 presents a breakdown of the estimated acquisition
costs. A pie chart is presented showing the relative cost of facility major com—
ponents and systems (Figure 6-14),

It is showvn that, for continuous operating high temperature flow facilities,
the cost of providing the large air flows at the proper pressure and temperature,
and then ccoling it sufficiently for discharge through mechanical exhausters far
exceeds the cost ¢f the actual test apparatus. This fact gives rise to the nos-
sibility, discussed later, of constructing this facility on a modular basis. The
test leg or legs would be sized as they are shown, For the large engines of the
future, while all mechanical components, such as compressors, exhausters, coolers,
refrigeration nlant can be sized vor more near term engines for initial acquisitionms.
The increased caracities required in the future could then be spread out over a
period of yeszrs.

The operating costs were calculated accordlng to the methods of Secticn 2.3.2.
The following assumptions were used:

MCOONNELL AIRCRAFT
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UP = pewer utilization factor = .25
Uz = run utilization factor = .k
Up = facility utilization factor = .6

= staff directly charging to facility = 100

e

-
w
|

Annual Ma®ni.nance Cost $3,200,000

Using these factors results in the following oreakdown of operating cost per
racility cccupancy hour.

Utility Provided Power $550
Self-Generated FPower 350

Fuel Costs (0il-fired Heaters )209

Total Energy $31100
Staf?f 3300
Magntenance - 2600

$7000
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FIGURE 6-12

E20 REFRIGERATION PLANT REQUIREMENTS AND LIMI: S
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FIGURE 6-13
COST SUMMARY - E20
Facility Component Cost ($1000's)
Test Leg, Direct Connect
Footings and foundations L5
Pressure shell (Incl Carbon Fuel Burnoar) 3,627
Flow spreader 1,956
Turboramjet test nozzle 1,56L
Turbojet test nozzle 1,000
Turbofan test nozzle 8h6
Thrust stand 105
Barometric sump 160
Diffuser 85
Water spray assembly 141
Subtotal Tert Leg, Direct Connect 9,959
Test Leg, Freejet
Footings and foundations ’ 550
FPressure shell (Incl Carbon Fuel Burner) 2,298
Flow spreader 1,138
Flexible plate unozzle 334
Articulated test stand 11k
Barometric sump 200
Porous walls 3
Adjustable diffuser and mechanism 192
Subtotal Test Leg, Freejet 4,879
Muifler 230
Induction Heater (High Pressure)
Cold air pipe
Heater shell and foundation 107
Shaded pole structure 108
Induction coils 20,800
Thermal insulation 1,580
Heater tubes (Refractory Metal) 6,770
Hot air pipe
Contrcol wvalve
Gas Turbine-generator packages (6-GE MS-T000 series) 18,000
Development cost 6,060
Subtotal Induction Heater (High Pressure) 53,425
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FIGURE 6-13 (Continued)
COST SUMMARY - EZ0

Faciliiy Component

Cost ($1000's)

Induction Heater (Low Pressure)

Cold air pipe ()
Heater shell 53
Shaded pole structure 108
Induction coils 20,800
Thermal insulaticn 2,600
deater tubes (Refractory Metal) 6,770
Hot air pipe
Control valve
Gas Turbine-generator packages (6 RE MS-TO00 series) 18,000
Development cost 5,700
Subtotal Induction Heater (Low Pressure) 54,031
0i1/Gas Fired Heat Exchanger 20,000
Compressor Plant
Building 2,600
Compressor 8G,000
Piping T,6k1
Control valve 11,900
Subtotal Compressor Plant 102,1h1
Refrigeration Plant
Building 1,030
Refrigerator 26,600
Piping 172
Control valve 301
Subtotal Refrigeration Plant 28,303
Dehumidification Coolers 23,900
Intake Tower 100
Miscellaneous Valves @ 3,720
Miscellaneous Piping Q) §,320
Substation 2,000
Automatic Control System
Direct connect leg Loo
Freejet leg 400
Subtotel Automatic Control System 800

MCDONNELL AIRCRAFT
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FIGURE 6-13 «(Continued)
COST SUMMARY - E20

Facility Component

Cost {$1000's)

Instrumentation & Data Acquisition System
Direct zonnect leg
Freejet leg

1,000
1,000

Subtotal Inst & Data Acquisition
Test Section Shelter
Laboratory and Office Building
Total E20 Components

Contingency &€ 10%

2,000

835

450

315,093

31,509

Total E20 Facility Cost

A & E Fee €& 6%

Management & Construction Coordination Fee € 4%

356,602

20,800

13,860

Grand Total E20

MCOONNE:.L AIRCRAFT
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FIGURE 6-14
DISTRIBUTION OF FACILITY ACQUISITION COSTS - E2C
Total Cost: $381,262,000
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6.3 SPECIFIC SITE CONSIDERATIONS

Every one of the general site considerations listed in Section 2.7 must »e
congidered important for E20, except the need for availabilitv of major services
or equipment. This Tacility is of such magnitude that all major systems must ' =
provided specifically for it.

An existing test center must be used for cost effectiveness. The need for a
remote area, becauce of safety hazards and noise, eliminates the major test centers
near nopulated areas. The enormous povWer requirement which must be provided just
for E20 means the facility must be located in an area where extremely large power
generation capability exists and is easily expanded, and i= available at minimum
rates. These requirements point to a major test center locaicd in the TVA network.
NASA Huntsville and AEDC fulfill this des.:iption.

AEDC is recommended as a site for E20 because of the existing specialization
at that center in airbreathing propulsion testing.

6.4 DEVELOPMENT ASSESSMENT

The general rules for the development assessment are presented in Section 2.h..
Individual component assessments are contained in each suosection discussion and
are summarized here. The folloring figure lists the individual facility element,
cost fraction, and confidence level evaluation.

E20 DEVELOPMER . ASSESSMEN™ SUMMARY

Cost Confidence Technical Technical
Item Fraction Level Ki CLi Risk Risk
(Ki) (CLi) % Ranking
Direct Connect Test Leg .032 4,0 .128 2.80 6
Free Jet Test Leg .0.5 2.0 .030 2.63 it
Compressor/Exhauster Plant .372 4.5 1.672 2k ki 2
Combustion Heaters .063 k.5 .283 L.1L 5
Induction Heaters . 206 2.0 .531 LE.56 1
Cooling Systems .090 4.0 .360 7.88 i
Refrigeration Plant .102 k.0 .Lo8 8.94 3
Automatic Control System .N02 5.0 .010 .09 11
Instrumentation .006 5.0 .030 .2¢ 9
Misc. Valves & Fiping .04k 5.0 .220 1.93 3
Substation .006 5.0 .030 .26 9
Balance of Equip. & Bldgs. .002 5.0 .010 . 09 11
Total 1.000 3.71 100.00

The numcerical confidence level associated with the development assessment of
E20 is 3.71. This numerical evaluation is consistent with a subjective evaluation
that E20 is a facility with capabilities far exceeding any facility oxisting or
planned, and with resulting cevere requirements imposed on the majlor systems of the
facility.
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The moderately Ligh development risk assc~iated with this facility implies
that, besides being veryv large in size, c2rtain key elements of the facilily, which
are critical to its ccpability, are novel corncepts for engine testing and must cer-
tainly be proven before commitment to final design. This is the case for the free
jet test leg, as described in Sectiocn 6.2.7, and alsc for the induction heater con-
cept. The induction heaters, imnportant because of their very large cos., both
absolute and relative, present many specific design problems, not the least of
which is their actusl capability to prcduce 2000°F (1093°C) air at the mass flow
required, and with reliehnility. This can only bc determined through developmental
testing. As noted in Section &.2.1, it is possible, should the development Jof a
corntinuous induction heater, or equivalent, fall shcrt of the design goal, Lo pro-
viée the firel incremert cf heating by the use =f a carbon bssed iuel burner. Al-
“hough not as satisfactory as heested air, the combustion prcducts of such a heater,
described in Sectic: 7, can be tailored to hav: an oxygen concentration very close
to that of air. The second highest contributor tc the technical risk is the com-
pressor/exhauster plant. Its coruribtution is high tecause of its large cost frac-
tion, but there are few uvrobler ~risiored in actuslly providing such a plant.

In sumrary, 7”7 is a facility far exceeding z~v such existing or planned
facilities, and althougn certzin coniponent » pre<ent some design problems, with z
careful prototvpe develorment uvrogram it should b2 able to meet its performance
goals. .

6.5 ACQUISIT-JN SCHEDULE AND TIMING

The schedule for acquisition of E20 is presented In Figure 6-15 and is based
on the general considerations given in Section 2.8. I% is seen that the facility
can be available for use in abcut nire years, which seazss reasonable for a faciliity
of sucli magnitude. Some time elements cold be reduced if the program were con-
ducted on a crarh basis, but the prcoosed schedrle is conservative and allowance
hes been made 7o the vsual slippage on a major facility effort. The total period
of 10 months Trom completicn of constriction to the end of initial calibration em-
braces facility dercnstration tests as well as calibrations and mey be lorger than
would bz aliowcd ui.der the pressure of test program schedule demands. Still, this
time shculd te spent before routine test progr=ms are schedaled. The cost and
scheduvle for acquisitior of the ccoplete facility as specified are then:

CoOSt & @ ¢ o v ¢ & o o o o $381,262,000
Schadul2 . . - « « =« « - « . 104 Months

Tke acquisition schedv - =.own in Fieure 6-15 is based on providing the full
capehility as originslly defined. TL.. relrigeration plesnt construction and shake-
down is r critical path iu this sched¥>. It is possible to begin operatiins of
tl.» facility without the —efrigeration plant teing complete. This aiternace is
showr in the schedule as requiring about 91 months to stert operations, with t-2
remplete facilily capablitity aviilable ..: 104 montts.

There ar. & number of alt-rnate upcssicilities, when considaring E20, to reduce
jaitial acquisit:on costs without dagrading its immediate research capability. E20
is siz2d to ~ccommodet: =ngin2 sizes and performance projected for the 19€0's and
1990's  Tre <nitisl racility need nc. then have che perfcrmapce necessary to test

RN ELL £ IBORAFT
6-47



REPORT MDC A0013 ® 2 OCTOBER 1970
VOLUMEIX @ PART 2

these engines if, as of the time that construction is initiated, these projected
requirements have not materialized. Based on mass flows Tor contempcrary study
engines, the compressor mass flow could be reduced some 35%, the induction heaters
deferred, and the refrigeration plant sized to accommodate only turbojet engines,
pot the large subsonic turbofans. The free jet test leg construction can also be
deferred without harmirg the basic capability of the facility to do performance

ana PFRT testing on near-term advanced technology engines. This reduced capability
could provide flight dupiicated corditions for Mach numbers up to 3.8.

The acquisition schedule for the reduced capability facility would not be
changed zignificsantly because other pacing items such as the cocling systens, com-
bustion hesiers, etc. are still necessary. The additional compressor capavility
could probably be provided in a 34 to 38 month period at some later time. The
alternative of nct immediately providing either the induction heaters or the free
Jet test leg provides additicnal time for reduced scale development of these two
very high risk components at the same time that the basic facility is being checked
out and put into routine operation. Time is also available in tne case that planned
approaches to these two items do not bear fruit and alternative concepts have to be
developed.

Assuming that the preliminary design for the complete facility is accomplished,
and the building size capable f accommodating the later additions zre supplied,
then the costs and schedule oI the reduced capability fecility are:

COST

E20 reduced mass flow for near-term engines - - - $2092,100,070
Additional cost for acquiring the full

capability — — = = = = = = — = = = = = - - - - $188,200,000
Total = = = = = = = - - §397,306,000
SCEEDULE
E20 reduced mass flow for near-term en_,.nes - - - 104 Monaths
Additional time for acquiring the full
capability — — = = = = = = = = = = = - = - - - 38 Months

Total = = = = = = = = = 142 Months

E20 is analogous to The Large Engine Test Facility being planned by AEDC. If
LETF wcs in existence at the tim=> that E20 was considered for zcquisition, E20
could probably be considered as add-on growth capatility to the basic LETF facility.
Probably an additional i50 million dollars would be required to bring LETF to the
planned E20 performance level. The E20 facility is of such magnitude that most
probably, prior to initiation of an acquisition program, the alternatives would
have to be critically reviewed to determine how changes in research capsbilitiy have
affected the original assessment.

6.6 EVALUATION SUMMARY

Development programs for aircraft enginesg have historically been in.tiated
from an experimental and theoretic il technological base sufficient to give reascn-
able confider-~e. With the advent ~f high MaclL number engiqes, the need for this

NICDONNE L AICRASY
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FIGURE 6-15
ACQUISITION SCHEDULES, TURBOMACHINERY ENGINE RESEARCH FACILITY (E20)
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technological base continues to be important. Engine research facilities described
ir the HYFAC Study have been proposed in order that the experimental technological
base will te available for the airbreathing propulsion systems required for hyper-
sonic aircraft similar to those defined as the HYFAC operational vehicles.

Many problems in the development of turbomachine type engines can be solved on
a scale model basis, since engines of this type are essentially aercdynamic machines.
Many of these problems, such as compressor and turbine blade desigr, can be attacked
cn a component basis, without the need of a complete operating engine or scale model
engine. Many facilities exist which are capable of this type of experimental test-
ing.

This engine research facility is de.igned to accommodate full scale operating
engines througro. the complete altitude-Mach number envelope flown by the HYFAC
operational vebicles, up to Mach 5.5. This enveliope was discussed in detail in
Section 6.2 and was shown in Figure 6-2.

Continuous operation of ewgines for long term PFRT and performance testing is
the primary type of testing do : in a facility of this type. Many classes of prob-
lems can be solved during such testing.

o Investigation of altitude operating characteristics sas influenced by such
factors as compressor stall, combustion blowout, and high altitude engine re-start.

0 Investigation of inlet flow distortion through the use of distortion screens
in the direct connect duct or through the use of a modified direct connect apparatus
which more nearly duplicates the aircraft inlet duct and can provide time-variant
flow distcrtions {described in more detail in Section 6.2.1).

o Simulation of inlet pressure and temperature transient effects on engine
operation, sach as those produced by ingestion of high pressure and temperature
gases resulting from machine gun operation.

0 Evaluation of engine dynamics and controls. Control problems investigated
arc those related to =ngine starting and accel.ration, the avoidance of cperating
Jimits such as combustor biowout and compressor stall, protection of the engine
against damage by over-temperature and excessive stress, maintenance of optimum
+unditions of operation, ard achieving stable cperation and rapid response to chang-
ing load demands.

Full scale testing of epgines with flight duplicated conditions is essential

for PFRT and perforr : ,astica and very important for tests involving phenomensa
which arc non-scalt. ° DA 1..y3tion processes and dynamic coupling effects

between inlet ducie_ ¢ - - v cumbystor.

1., FAGE BLANK NOT FILMEC
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The size and cost of the facility is determined directly as a function of the
size of the engines to be accommodated. The composite inlet flow requirements of
the test engines determine the total facility mass flow schedule. Definitions of
the .gines considered, and their inlet flow requirements, are presented in detail
in Section 6.2. These requireuents define the capability of E20 in terms of basic
flow parameters. Existing facilities provide continuous flow on a smaller scale
than E20, and are satisfactory for current icst requirements. The three-dimensional
plot of weight flow, pressure, and temperature shown (Figure 6-16) permits 2 com-
parison between existing and planned continuous engine test facilities and E20. It
is obvious from this sketch why E20 is so expensive in comparison to existing facil-
ities, since extension of facility capability, particularly weight flow and temper-
ature, is very costly.

During Phase IIT, a final 1ist of 278 Research Tasks, each task being a subset
of tle T8 Research Objectives, was defined. This list of research tasks was used
to determine the research potential of each candidate research facility considered
during Phase III. Details of this analysis and evaluation are contained in Volume
IV, Part 3, and are sumrarized below.

E20 was identified to have contributions tc many Research Objectives. Specific
engi~e research for the L2, Cl, and Ml vehiclies appiied to E20. Some capability was
noted even for M2, however, since the free }lei test leg provides full flight con-
ditions, including Mach number, up to Mack 5, and can be used for serothermodynamic
testing of structwes, boundary layer research, and so forth.

In terms of research capability, E20 was evaluated as providing about a LO%
increase over existing similar facilities. Considering the already demonstrated
capability of existing facilities, this judgement reflects the need for large
sized, high pressure and temperature facilities operating on a continuous bgsis and
the influence that problems in this fiight regime can have on the design perfor-
mance of hypersonic aircraft. This facility therefore is very relevant to Lhe
research and development capability required for potential operational aircraft.

Figure 6-17 summarizes the~ werformance, costs, development assessment and
desiga characteristics of E2¢ The sketch shows the total facility flow available
along with the specific requirem=nts of the engines and the free jet test leg.

The moderately low confidence level associated with this facility implies that,
t2sides being very large in size, cer sin key elements of the facility, which are
critical to its capability, sre novel <oncepts for eugine test facilities and must
te proven before commitment to final design.

The size and capabilities of E25 make it a major national-thgine test facility.
Although smaller versions of this type of test capability, like the proposed LETF
at AEDC, are sdequate for near-term advanced technology engines, the very long lead
time required for E20 means that serious consideration should be given now to its

—-design and.construction.if the capability to test the defined engines is desired by
1980,

MICDONNELL AIRCRAFY
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7. DUAL MODE RAMJET ENGINE KESEARCH FACILITY (E9)

The development of an airb» eathine hvoersonic aircraft depend- on a vigorous
and continued research effort in hypersonie ramjet or scramjet propulsion systems.
Many questions of feasibility have been answered favorably by the investigation of
several small research angines. There are many key areas however, requiring addi-
tional research when considering the tecinology base necessary to develop a major
operational hyperscnic aircraft system. The concept represented by E9 is an
attempt to adapt existing technology from both aerospace and non-zerospace industries
to provide the needed research capability and facility size at costs lower than pre-
viously estimated.

This facility consists of a single test Jeg with several modes of operation
and testing capability depending upon the combination of equipment being utilized.
The prime mission of the facility is to test sciamjet engincs through a flight Mach
number range of 3 to 10 with the locil engine flcw parameters flight duplicated.
The secondary mission is to utilize %“he temperature and pressur > capability of the
heater systems to perform thermo/structural testing. This option is available by
removing the engine test module system and piping and substituting one cf three
nozzles, test cabin, and diffuser arrangements capable of Mach 6, 9 and 12 operation.

E9 can accommodate engine modules up to 16.3 inches (.41 m) high and 45.5 inches
(1.15 m) wide, which represent a full scale scramjet engine nodule for a 600,000 1b
(270,000 kg) class aircraft. The thermo/structural. legs, which are interchangeable
with the scramjet test section, provide the following size capability.

Mach Number Nozzle Exit Diameter Constant Velocity
£t (m) Core Diameter
ft (m)
6 6.45 (1.97) 5.7 (1.74)
12.2 (3.72) 8.6 (2.69)
* 12 18.6 (5.67) 9.0 (2.75)

* flight velocity not duplicated, but
Mach number and density altitude are
duplicated.

This facility is unioue in capability with a dual mode of operation, i.e.,
coatinuous and intermittent. This concept, combined with the test conditions avail-
able, allows scrarjet testing on a real time trajectory. This has the advantage of
heating the str' _ctural materials of the test article in a manner identical to the
filight case. .he continuous operating conditions are achieved utilizing an oil-
fired neat exchanger and carbon fueled combustor in combination. With the engine
operating at flight conditions, in vitiated air, the intermittent air heater cycle
is esteblished with no change in test conditions except for the gas stream ccaposi-
tion. After the intermittent cycle is completed, the facility can revert to
continuous operation or be shut down.

MCDONNELL AIRCRAFT
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modes.
Continuous Operation Intermittent Operation
0il-Fired Carbon 0il-Fired Refractory
Mach Pqy T Heat Based Tuael He Storage
No. | psia (N/cm?){ °R ?°K) Exchanger Combustor Exchanger Heator
3 50 34,5 11080 600 X X
L 140 96.5 | 1600 890 X X
5 250 172 |[2200 1222 X X
6 360 248 | 3000 1665 X X X
T | 760 523 ]3800 2110 X X X
8 1500 1033 |L650 2590 X X X
8.6 | 3000 2070 |5200 2890 X X - -
9 3000 2070 |5700 3170 X X - -
9.2 |3000 2070 |6000 3330! X X — -
10 {3000 2070 |T7000 3890 i X X - -

In Phase II, size tradeoffs were made to determine the effect on facility com-
ponent specification, costs, and technical risk. It was found that the baseline
facility size could be increased to accommodate scramjet engine modules up to 27.6
ft2 capture area (2.56 m2) without incurring unscceptable development risks. As
the input data was refined, some of the facility components were found able to
accommodate increased mass t'lows without substantial changes in size. Therefore,
the faciiity defined in Phase 2II has a 150 percent increase in engine module size
from the Phase II definition.

Thes performance of E9 was based on the assumption that 1light duplicated con-
ditiors srould be provided for scramjet eng'ne rasearch and developmant. Because
of the ot 1y difficult technical and mechanical problems ascociatedl with free
Jet testing a4 large integrated scramjet engine, the approach taken was tc pro-
vide the local flight duplicated conditions (Mach number, v-locity and censity) for
the ramp just upstream of the engine-cowl. Also by restricting the test article to
an individual module instead of the entire engine, a facility size consist~at with
current technology would result. Thus the local internal and external flow could le
simulated from the last ramp, through the combus.or to the airframe-expansion nozzle,
as depicted in Figure 7-1 (Reference 3).

rhis concept reduces the facility size and power required to provide seramjet
eng-ne t -5 capability by approximately a factor of eight. This scramjet test sec-
tion can incorporate all of the rfeatures of an aircraft operational engirne. The
module and third ramp can be cryogenically cooled panels duplicatiiig actual scruec-
tural features of the aircraft. The lower nozzle surface can be corstructeda of
materials idenvical to those of the sircraft and operated at the same svrface cem—
peratures. This provides realistic boundary layer temperature profiles, unattain-
able in heavily water cooled conventional cold wall nozzles. With this farility
the actual engine operation can be duplicated over the range of flight conditions.

MCDONNELL AIRCRAFT
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FIGURE 7-1
CONCEPT OF MODIFIED DIRECT CONNECT SCRAMJET TEST SECTION
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Te operational performance of E9, in terms of flight d»piicated condivions
is shown in Figure T-2.
FIGURE 7--2
FLIGHT BOUNDARIES ASSUMED FOR HYFAC CSJ AND SJ ENGINES,
INCLUDING FACILITY LIMITS FOR E9
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A primary consideration in the choice of providing continuous cperation was
the requirement that eventually any engine system must be qualified for flight.
E9 was so designed to provide a preliminary flight re*ing test (PFRT) in the time
span of a few months. Another factor which significuntly influenced the design
of EY was the need tc test cryogenically cooled scramjet engine modules. It was
Jjudged highly unlikely that a chilled-down liquid hydrogen engine couid withstand
the sudden start of a zircomia storage heater facility operating at maximum
temverature.

The sctual concept for utilizing the carbon combusticn arose from this con-
sideration. The oil-fired heat exchanger and carbon combustor would be utilized
to thermally precondition the scraujet engine module analogous to wnat occurs
during takeoff-ciimb and acceleration of an operational aircraft. However, as
the verformance and characteristics of the carbon system were developed byr the
Cabot Corporation it became arparent that this orerating mode could just as well
provide an excellent, continuous flow scramjet faciliiy. The carben combustion

nroducts, mixed with air and oxygen, results in a good simulation of the properties

of air. The deleterious e"fects of water vapor are not present in the form of
reduced molecular weights, alteration of the hydrogen combustion chemistry, and
more rapid degradation of coated refractory metal surfaces.

The following sections describe the work done to refine the definition of the

scramjet engine sizes, and the facility design and performance as well as the result

of this refinement process in terms of facility descriptions and costs, safety con-
sidcrations, specific site criteria, development assessments, and facility acquisi-

tion schedule.

7.1 REFINEMENTS IN DESIGN AND PERFORMANCE

The work done in Phase III on this facility was concentrated on improvement

of the design and specifications of the test legs and facility systems. The major
goal was to refine the specification so that the facility will meet its performance

definition at a reasonable acquisition and operating cost. With additional data frc:

AEDC and the Cabot Corporation, the performance of E9 was substantially improvea.

The following tasks were performed in order to attain the goal of improved facility ;

description and performance, and minimized costs.

(1) Structural and Mechanical layout of both test iegs was done by Fluidyne

Engineering Corporation, using as a starting point the Phase II facility sketches.

Their experience in designing and operating zirconia heaters, and their research

efforts sponsored by the Air Force in support of the TRIPLTEE project greatly added

credibility to the design of the zirconia hester system for E9. Their experience
in facility design was useful in searching out and solving problem areas and in
obtaining a detailed facility description. Test leg cost estimates were done by
MCAIR using the Fluidyme drerings as a basis.

(2) A much more detailed analysis of the total compressor-exhasuster require-

ments was performed. A by-product of this work was analysis of the flow cooling
required Lo reduce the exhauster inlet flow temperatures to an acceptable level
and reduce exhauster inlet volume flow. Specifications and costs of a plant
fulfilling the developed requirements were worked out by Allis Chalmers.

MCDONNELL AIRCRAFET
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(3) Scramjet engine sizes were re-examined based on sizing criteria m.ve
rezlistic for engines integ ated into the basic airframe. Details are presented
in the latter portion of this sectiion.

(4) The maximum facility mass flow limits were redefined based on the AEDC and
Fluidyne datz, refliecting this in increased engine size testing capability.

(5) Txe carbon based fuel combustor concept initially proposed by the Cabot
Corporation was refined. With a significant contribution of their own effort, Cabot
was able to propose a system which could provide the regquired hot gas mass flows
at reduced costs, high temperatures, and with better air simulation. The details
of this process are proprietary to the Cabot Corporation and arz not presented in
this document. The conditions which the carbon fuel combustor can produce are not
considered proprietary and are given.

(6) Conversations with the staff of AEDC were held co determine the potential
of EQ to be integrated into the AEDC complex. The similarity of E9 to TRIPLTEE
is such that it appears the carbon combustor and the scramjet test section can be
considered as growth versions of the basic TRIPLTEE concept. Integration of the
E9 concept into TRIPLTEE would result in that basiczlly intermittent facility
acquiring a continuous run capsbility.

(T} Analysis of the air pre-heater requirements in this phase developed that
this particular area was considersbly under-estimated in the earlier work. Both
costs and technical feasibility were poorly defined. The alternate use of an oil-
fired combustion heat exchanger was investigated to reduce the high costs of elec-
tric heaters.

(8) Analysis of safety hazards to personnel, test article and facility were
performed by Fluidyne. Procedures, safety interlocks, special subsystems, and
control system rationale needed to operate the facility safely were described.

(9) As the elementary cost analysis in Phase IT showed, the costs of support
systems were the dominating factor. In addition to obtaining much more sophisticated
equipment requirements, costs of all equipment were estimated, where possible, by
equipment manufacturers. These estimates are based on gross specifications and not
a Jetailed engineering study of each individual component. The cost estimated by
the vendors and manufacturers, therefore, are engineering judgements based on
their industrial experience.

(10) Analysis of the problems and risks associated with each major component
and system of the facility was rerformed. A composite assessment for the entire
facility was calculated. This assessment attempts to quantify the facility confi-
dence level and identify major problem areas.

(11) The analysis of the construction problems and the development and ac-
quisition schedule for the test legs was made by the Fluidyne Engineering Corpora-
tion. The schedule covers everything from the development of the basic specifica-
tions to facility shakedown and calibration. Similar analyses by MCAIR have been
made and included in the acquisition schedule for the compressors, exhausters,
coolers, and heater systems.

MCDONNELL AIRCRAFT
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(12) 4n evaluation of the facility was made summing up its ability to perform
the research tasks in relation to its =acquisition and operating cost.

The definition of the scramjet engine size was improved as stated in Item 3,
the following is the development of the improved definition. The facility specified
in Phase II was based on preliminary scramjet engine configuration. This configura-
tion definition has been further refined so that the ratio of mcdule height to
width has changed, altering the relative proportions of the scramjet engine test
section nozzle. The Phase 11 definition was:

ft
1 |~ ~————7 7
~— SESRINE J @g Cg
L1P

< bh,2 feet

SMODULE = (128 =) § < CENGINE _ o
= bprp
Ac = .0k45 Sw ;?LIP =2 h2
Woy * 98 Sw (English) ag=1.2 by
489 Sw (SI Units) SenGINE = YSMODULE
where Ac enzgine geometric capture eres -

Sw = vehicle wing area (ft2/m%)

Wpo = takeoff weight (1b/kg)

N = number of modules.

h = duct height
The criteria for the unsupported wall length for the cryogenically cooled wall panel
was estimated from previous MCAIR studies. Based on these ground rules, the engine
sizes are discussed in dotail in Volume III, Psrt 1, Section 6.3.

For Phase III the scramjet engine definition was refined to be more compatible
with an sircraft concept as depicted in Figuwe T7-3. This figure defines the geo-
metric parameters assumed. For the calculations of engine size, areas, and wetted
arees which follow, the following assumptiors 'were made:

ASCOONNELL AIRCRAFT
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FIGURE 7-3
SCRAMJET GEOMETRIC DESCRIPTION

al

&

= Aircraft Length

A = Wing Sweep Angle
E = Scramjet Module Width Ac = Geometric Capture Area

92}

M|

X T_ X

:1—1— Y:h—-
hg = geight of moéule at station (3) = mho

hLIP = height of module at module 1i» = nhs,

:

£
[
g
P
wb‘

Module Geometry

i
XC Omb \/

53 = third ramp angle
Xcomb = combustor length

Ramp angles, measured from aircraft waterline

= L0 = 8o = 710
8, = 4 8, = 8 63 =13
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Shock wave angles, calculated at Mach 12:
= o = 5 o = o
¥y 6 b, = 15.2 ¢3 26.9

Geometric proportions:

n="Lgp =2 m="3 =1,

h2 h2

Wing Sweep Angle, A, = B0°

X omb minimum distance necessary for complete combustion,
¢ taken to be 30 in (.91m) for all engine sizes.

The length of the aircraft can be expressed in terms of the
scramjet module dimensions, and as a function of wing area
and sweep angle.

L = mh2Y5 cot wl + (n—l)n2 cot § +Xc0 + mh_ X

3 mb 275

L = Swtan A

The width of the scramjet engine can be expressed as:

=2 o Y = O Y
Sp = 2Kjmh, cot y, cot (A + 2°) YS Kl\lh2Y5
where C; = 2m [cot Y, cot (A + 29))
and = factor ali-owing for the curvature of the

tottom of the aircraft. K., is about
1.05-1.07 for HYFAC-type cOnfigurations.

The inlet area to the combustor is:

- - 257
A, = Sgh, chlh2Y5

The cowl area, at the scramjet module entrance is:

N —
h =8 nh, =K. C.nh ~ Y

Acowl = Sghyrp = Sghby = K, Cynhy - Y

The geometric capture area, Ac, can be calculated as:
— K Oh 27 2
A = KQSEths m K2\,lh2 Y5 m
¢ 5 )

where: K2 = area correction factor which allows for
the curvature of the bottom of the aircraft.
K, is about 1.11 to 1.13 for HYFAC-type
sonfigurations.

The ratio of geometric capture area to the wing area
of the aircraft is then:

MCDONNELL AIRCRAFT
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= Y
A, = KCpn, Y ,m
S. 2 LZcoth

W

This ratio was taken to be 0.045 for all cases in this
computation, and represents & practical upper limit of
module size which can be physically accommodated on
highly swept aircraft. Docusentation is contained in
MCAIR Report F666, Volume 6, Hypersonic Scramjet Vehicle
Study (1967). For this case, Y_ and x5 were solved, with
n=2andm= 1.2, and fownd tosbe:

- & D _ <
X5 = 62.0 Is = 16.8
The following table illustrates the contours of the
exl.aust nozzle.

X Y X Y (Ac/Sw)

0 1.0 1.4 13.6 .062

1.29  1.50 49.9 15.0 .05h

3.58 2.60 56.4  16.0 .0Lo

7.9%  4.32 62.0 16.8 .045 <« Sele:ted Velue
12.66  6.09 65.0 17.8 .01
18.12  7.98 70.0 19.0 .025
24,36 9.76
32.60 11.80

The exit nozzle contour is not tabulated to full theoretical

expansion where the nozzle static and free strea pressure
are identical, which would occur at X = 150 or greater.

The total wetted area of the engine, per individual module,
can be expressed as:

Syet =2 <Xcomb> - <£1;1_>( cot 85 + cs2 63)
A n h n
cowl 2

per
module

() ()

where N = number of individual modules comprising the
engine.

Figure 7-L shows the engine module sizes and the ratio of wetted area to cowl
area, based on these equations, for series of aircraft sizes.
very large horizontal take-off aircraft to a small research model.
shown on the Phase II engines for comparison. The use of X. = 62 provides the same
ratio of capture area to wing area used in the Phase II analysis.

be .0102 WTO (English units) or .00205 WIO (S.I. units), as in Phase"11I.

AMCDODONNELL AIRCRAFT
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The combusior height, h,, was calculated for these cases by:
-

Ac
hy, = c.Y
rc 175
A
where rC = contrartion ratio = KS and was taken to be 11.3. This
2

value weas established in the previously mentioned HSVS study as being
near optimum. The number of modules used in each engine was calculated

by the rule:
N 2 EE’ or >
2 in 1.0

where 42 in (1.0Tm) represents an approximate maximum width of an
individual, unsupported cryopancl, end is based on an unpublished
study by MCAIR structures group. It represents the trade-off point
where increasing the module width incurs excessive weight penalties.

As presented in Figure T-4, the refinement of the engine geometry definition
altered the height-~to-width ratio of the inlet module. The ratio of wetted area to
caepture area was used as an index of the change in thrust which might be expected
as a result of internal frictional forces. In other words, if the frictional
forces represented a small percentage of the gross thrust, the changes in these
frictional forces could be theoreticzlly accounted for in model tests so long as
the frictional forces did not become a dom‘nating factor as module size decreased.
Asstming a T% frictional loss for the largest engine, then the estimated increase
in frictional thrust losses were scaled as shown in the following table, including
increases in skin friction coefficient as well as wetted area changes.

Ac £t 900 480 270 140 80 30 10 L 1

il (m?) (83.5) {bh.5) (25.1) (13.0) (7.42) (2.79) (.929) (.037) (.093)
Scaled Frictional

Thrust Losses T 8 9 11 13 16 32 50 100
(percent)

Thus engine sizes down to 30 F+2 (2.8 m2) probably represent the smallest scaled
engine sizes which meaningful scale performance could be extracted, for the con-
ditions analyzed.

From Figure T-4 it is evident that the cooling requirements increase rapidly
as module size is reduced due to increasing surface areas pe: unit capture area.
Therefore, experimental results on cooling requirements from subscale engine tests
are necessarily pessimistic. Assuming scramjet engines applicable to the potential
opeiational hypersonic aircraft to be in the 180 to 480 ft2 (LL.5 to 16.7 m2) cap-
ture area category and a Mach number 12 research airplane to be about 43 ft2 (4 m)
capture area, the 30 ft2 (2.8m2) size represents a minimum size research module for
the operational hypersonic aireraft, and nearly a full scale module for the research
airecraft.
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The Phase II engine modulc used in sizing E9 had a 15 f£t2 (1.39 m?) captire
area. When additional data on the permissible mass flow through the cored brick
matrix heater became available (Reference 4), the mass flow per unit bed area was
increased substantially. The module capture area, for the same size storage heati™
used in Phase II, has been increased to 27.6 ft© (2.56 m 2). This now represents a
nearly full scale engine module for a potential operational hypersonic aircraft on
the order of 600,000 1b (270,000 kg) weight, and increases the research capability
of E9 substantially. The test section size for the scramjet module was determined
usirg the following guidelines.

WNOZZLE
l 1.26-
v
| "T""“ﬁ_"‘.

h h o — 80
NOZZLE LIP R 1. 26c

AT

= ———SMODULE

Where: 4¢ is the maximum cold wall bouniary layer thickness encountered in the
nozzle for the range of condit.ons represented by the flight envelope of
the potential cperational hypersonic aircraft. &p is the hot wall boundary
layer thickness, §* is the boundery layer displacement thickness.

By defining the maximum mass flow which can be accommodated, the maximum size nozzle
potential flow area can be determined as a function of nozzle conditions. For I9,
the maximum mass flow was selected at 550 lbm/sec (250 kg/sec) and a maximum poten-
tial core area was 800 in® (.515 m2). The expression for potential flow area from
the previous sketch is:

Ap = (b, .+ 1.2 8, —6% —6%.) (sy + 2.4 6, -2 &%)

This yields a nozzle and module size of:

=2 2 ¢ )
A. Test 27.6 ft< {2.56 m2)
Nozzle Module
19.19 in 3.2 i% -
(.486 m) SRLED! 16.3 in
' (.414)
R I ;
~ (1.26 w®)
42.59 in
_ L
§c = 2.62 in &¢* = 1,05 in
6y = 3.37 in 8p* = 1,35 in
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This capability represents a significant increase in size over existing facility
capability. The range of module sizes which can be accommodated by E9 and remain
within the 800 in? (.515 m2) nozzle potential flow core area is given in Figure T-5.

FIGURE 7-5
RANGE OF MODULE SIZES WHICH CAN BE ACCOMMODATED BY FACILITY ES
Nozzie
| 1
Potential Core
Flow Area = 800 In.2
~ (052 nd) hiip
20 SE
N 15
70
Cryo Panel Wall
in Engine Cowl.
50 NGRS -
sm=S gl £
E £
\ Limiting Line of 800 In.2
30 (0.52 m2) Nozzle Peiential —
Wre Area
05 F 20 ////// a*——q
Y/
L 202
10 20 30 Ll
(Inches)
L ] _J
0 05 . 1.0
(Meter)
hip

Hote: Shaded area indicates the limits of module size which can be installed in the
flexible nozzle as specified. Taller or wider medules would require redesizn
of the test section.
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The aerodynamic nozzles required for the thermo/structural research have been
correspondingly increasad in size and are shown in Figure T7-13. These represent a
Tormidable cap:bility, with nozzle diameters up to 19 feet (5.8 m) at Mach 12.
Scme of ‘ue model testing capability is indicated in Figure T7-13, which shows the
representative models described in Figursz T-15 installed in the three nozzles.

By using information from AEDC and Fluidyne the definition of the zirconia
heater was considerably improved. This improved definition should increase the
credibiiity of the design and cost estimales, since it is based on the most recent
data obtained at AEDC and incorporated into tne TRIPITEE concept.

The carbon combustor co:icept has undergcene considerable metamorphosis since
Phase II. Bec.use of the proprietary nature of the agpparatus designed by Cabot
Cerporation which provides the fuel, only the combustion performance will be pre-
sented, in terms of effluent pressure, temperatures, and gas composition. Descrip-
tion of the apparatus associated with the carbon fuel supply and operation of the
cerbon ccrbustor is not discussed in this report.

¥ith the additional refinements in zirconia storage heater and carbon combustor
pevxonnance the size of the engine module was increased to a capture erea of 27.6
£t2 (2.5 m2} and the stagnation temperature capability increased to TOOG®R (3900°K).

7.2 FACILITY DESCRIPTION AND COST

The scramjet engine research facility is subdivided into hardware elements to
facilitate the discussion of component description, cost, and development assess-
ment. The order of discussion is Scramjet test leg, Thermo structures test leg,
continuour and intermittent heaters, compressor and exhauster plants and facility
cocoling system.

The scramjet test section, capable of providing conditions for both subsonic
end supersonic combustion, is depicted in Figure T-11l, and as installed into the
test leg in Figure T-12. The alternate test leg arrangement with the thermo struc-
twral aercdynamic nozzles is shown in Figure T-12 and T-13.

For advanced dusl-mode scramjets, a modified direct connect mode of testing
was uccd. That is, the supersonic flow field upstream of the engine module cowl
is duplicated in a variable Maclhi number nozzle system, permitting air flow through
the engine modules as well as around three sides as discussed in Section 7.1, and
shown in Figures T7-10 and T-11.

In this simulation scheme, t' upstream supersonic flow and internal shock
systems originasing from the cowl lip are duplicated. The bottom wall of the

nozzle represents the vehicle comp*e551op - . ~, &1d the flow adjacent to this
nozzle wall enters tne engiae modu;,. - . 2onal nozzle wall cooling practice
is followed, the enthalpy distribut- » .7 7 11 boundary layer would be so dif-
ferent from flight distributions the > » transfer and temperature would be

MCDONNELL AIRCRAFT
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greatly reduced. As depicted below,the enthelny distribution would be substantialily
different for a cold wall nozzle compared to cne characteristic of a hot walled
aircraft.

he,

I

v cald wail rnzzie

<

R L
haw w

The dirference is due primarily to the large quantity of heat removed from the
boundary layer in the process of cooling the throat. The concept of isentropic
nozzle core flow with an adjacent boundary layer does not permit energy flow across
the boundary layer, therefore the cold wall nozzle boundary layer has a much lower
average enthalpy than a corresponding flight boundary layer.

In order to provide a similar temperature in the nozzle boundary layer enter-
ing the engine, the concept presented in Figures 7-10 and T-11 was developed. The
three walls of the nozzle, whose boundary layers do not enter the engine, are con-
ventional tackside, water film cooled walls. The bottom wall, whose boundary layer
does enter the engine module, simulates the aircraft ramp structure and temperatures.
The nozzle must be adjustable to provide duplication of the Mach number upstream
of the zcowl. To make this concept practical, the aerodynamic nozzle generasting
the flow was selected as an asymmetric, two-dimensional nozzle, providing one fixed
wall. To provide a simple flexible nozzle concept, considering the modest Mach
nurber requirements, a single jack flexible plate ncczle was employed (Reference 5).
The fixed wall, opposite the flexible nozzle, is divided into three sections. The
throat block region is constructed of refractosy metal clad steel, which operates
at a wall temperatare of about 3000°R (1670°K). Some tackside water film cooling
is provided, es the heat transfer rate in the throat region would produce surface
temperatures in excess of 3000°R without cocling. Downstream of the throat regionm,
where the heat transfer reduces sharplv te levels characteristic of the vehicle,
the structure transitions into the insulated, refractory metal shingle structure
typical of a potential operational vehicle. Depending on the engine design. some-
where upstiream of the engine the insulated structure is terminated and a cryogeni-
cally cooled structure tegins and continues into the engine module. The entire
engine module is a cryogenically cooled structure. This concept then provides a
realistic environment for the scramjet module in terms of boundary layer enthalpy
distribution, surface condition, and aerothermodynamic conditions upstream >f the
engine cowl.

This design to accommnodete cryogenically cooled engine modules is consistent
with a developed engine design with an extensive base of experimental work. TFor
development of basic concepts, water cooled "boilerplate" engine modules can be
accomnodated in the scramjet test section. This provides the necessary flexibility
between low cost preliminary research and the mor- sophisticated arrangement neces-
sary as finalized concepts are being developed.

MCDONNELL AIRCRAFT
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The engine module is an operating piece of hardware, and is mounted on a thrust
stand. The external flow and nozzle expansion contribute significantly to the
thrust level. An attempt to provide some degree of exhaust simulation is reflected
in the downstream concept of the scramjet test section. Most of the fuselage after-
body contour is provided as an expansion surface, downstream of the scramjet module
exit. It is replaceable, so that different contours can be readily evaluated. The
external flow velocity and static pressure should be relstively closely matched if
reasonable exhaust expansion is to be achieved. To provide for this, a fixed con-
tour, adjustavle nozzle is provided on tne upper wall, dcwnstieam of the cowl inlet.
This expands the flow from the conditions just upstream of the engine to near free
stresm values. For example, for the trajectory point, Mach 10 at 110,000 feet
{33.5 km), the required conditions are:

P = 12,500 psia (8,600 N/cm?)

T = 6S00°F (3610°K)
Vv = 10,002 ft/sec {3050 m/sec)
P = .125 psia (.086 N/cm?)

M =10 ——
© ~—
\\

The modified direct connect conditions Edfrespending to the above trajectory point,
and external flow field conditions which match external freestream pressure are:

P_ = 8700 psia (6000 N/cm?)

TO = 6500°R (3610°K)

V_ = 9730 ft/sec (2980 m/sec)
P_ = .125 psia (.0860 N/em?)
M_=9.5

Erxcernal flow conditions closely approximating actual fiight conditions can
be provided by the modified direct connect test spparatus. The exhaust expansisn
s of zcurse two-dimensional, being restrained from lateral expsnsion by the nozzle
sidewells. This is most velid for the engine modules in the center of a cluster,
ard leasc¢ valid for the outer modules, resulting in a need to correct the measureid
thrust for latei.zl expansion.

As a whole, this scramjet engine test section provides a relatively close
duplication of the inlet and exhaust conditions giving 2 reasonable basis for es-
tablishing module performance, ¢ooling requirements, structural integrity and oper-
ational life.

One .eature missiag from this concept is the ramp shock system which can pass
outside the cowl, impinge on the cowl lip, or enter the cowl. To simulate this,
the nozzle system could be tilted, at a point where the shingled structure ends

AMCDONNELL AIRCRAFYT
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and the cryogenically cooled structure begins on the bottaom wall as shown below.
The resul.ing shock wave oes not have the strength of three or four coalesced
waves from the fuselage/inlet ramps, but an increment can be established for what-
ever tne shock strength :s. Tn this meaner an eadditional degree of realism can be
added to the simuiated envii ament.

-D nozzle ,externa] flow

lly x

last inlet engine
ramp exnansio
engine nozzle
module

In Phase III the engine module size was re-examined and changed from the Phase
II definition. The performence of the carbon combustion system was also increased
by 17%. This necessitated establishing new performance limits for -hie equipment
which comprised E9. The basis of the facility component description is summarized
in Figures T-2 and 7-6. The capability of E9 to supply the conditions necessary
for flight duplication, consistent with the HYFAC potential operational aircraft,
is shown in Figure T-2. The varicus limitations imposed by technology and equip-
ment selection judgements is shown. Figure T-6a, b, c, translate Figure T-2 into
terms which can be used to specify hardware components, that is, pressure, temper-
ature and mass flow. The relatively small compromise indicated by Zone (5) resulted
in an acquisition cost decrease of about $90,417,000. As indicated by Figures T-2
and 7-6, this compromise resulted in minima. reduction of the overall facility capa-
bility. These equipment deletions wure sucn that, if required, their performance
capability could be added later by doubling the comp:icessor/exhauster plant, adding
two more induction heaters, dcubling “ihe size of the o0il fired heat exchanger and
carbon system, and doubling the number of dehumidifying coolers. The heaters, com-
pressors, exhausters, and coolers were sized based on the conditions shown in
Figure T7-6.

The scope of the E9 facility is indicated in Figure T-T7 which shows a concep-
tual general arrangement of the complete facility. To indicate the interchange-
ability of the thermo/structural legs, an isdmetric view of both legs is shown in
Figure 7-8. The legs are interchangeable from the heater exit to the facility
supersonic diffuser exit. The addition of the aerodynamic nozzle capability adds
significantly to the versatility and research value of E9.

AMCDONRNELL AIRCRAFT
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T.2.1 SCRAMJET TEST LEG - The concept of the scramjet test section is that a
representative, two-dimensional slice through the inlet ramp, combustor, and exhaust
nozzle can be made to generate a ground facility or flow system analogous to the
aircraft flow field. The representation of this concept was shown in Figure T7-1.
That portion of the aircraft comprising the facility, and the nozzle system confin-
ing the airflow to a similar streamline is indicated.

The scramjet module test section is shown in Figure 7-9 and consists of (1)
a structural section housing an adjustable two-dimensional nozzle with one adjust-
able and one fixed wall; (2) the scramjet module, and (3) the exhaust expansion
surface. The aft portion of the test section is supported on raiis and can be
moved away from the forward section for access to the test module. The aft move-
ment is accomplished utilizing a downstream telescoping section in the diffuser.
This same track is utilized to support and align the test cabins for nozzle tests
in the thermo/structures test leg configuration.

The forward section of the test section is anchored and provides for facility
thrust removal. The adjustable nozzle within this section allows variation of
the inlet Mach number to the test module. Tnis is a twe-piece nozzle consisting
of a water-cooled throat block and water-cooled flexible plate. The nozzle block
which pivots at a fixed point is actuated utilizing a single jacking station. This
block seals against the sidewall and at the forward portion of the support structure.
The seals are located in and seal against water-cooled sections. One of the pri-
mary considerations in the design of this nozzle will be the pressure balancing of
the water-cooling passages with the airstream.

The flexible plate is a tbhin nickel structure incorporating rectangular water-
cooling passages. The design ard fabrication problems associated with this compon-
ent vill probably arise in the details of the water-cooling system connections and
the contrcls required. The plate must have specific flexural characteristics and
thickness distribution to provide the proper serodynamic contour. Complicating this
will be the requirement that the weter pressure in the passages be matched to tae
airstream conditicns to prevent defcrmation of the plate. A seal in the edge of the
flexplate seals against the water-cooled sidewalls.

The lower nozzle block,which is stationary,is unique in that it is a hot wall
structure simulating the flight vehicle surfaces and provides the proper scramjet
module inlet boundaiy layer temperature conditions. The hot wall design details are
shown in Figure T-9. Basically, this nozzle is divided into three sections: a hot
wall nozzle block, a radiation-cooled shingle structure, and a liquid hydrcgen
cryopanel structure.

As shown in the drawing, the three sections of the lower fixed nozzle are water-
cooled. The 'ocation of the water-cooling is dictated by the magnitude ot the heat
transfer rate and the desired surface conditions. A seal runs the length of the
nozzle at the water-cooling location and seals against the wsater-cooled sidewalls
of the support structure.

The fixed nozzle is fabricated from a water-cooled nickel substructure, clad
with a thin sheet of T.D. nickel-chrome, columbium, or tantalum, depending on the
full scale structure being simvlated. Roll cladding of nickel with tantalum has
already been asccomplished and is commercially available. Cladding of chemically
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FIGURE 7-9
DUAL MODE RAMJET ENGINE RESEARCH FACILITY — SCRAMJET TEST MODULE
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similar materiels, like colurbium o nickel, should possibly be based on the tanta-
lum results. For use in air, the columbium ané tantzlum require ar oxication
resistant cooling. Downstream of the fixed nozzle block, the actusl aircralt
materizl and structure are dupiicated, with the insulation thickness approrriate
for the local hezt itransfer rate, and desired surface temperature.

The desinu technology and fabrication techniques required to generate hardware
of this nature are associated with aircraft manufacturing industries and not with
wind tunnel fabrication technology. This hardware ané the scramjet engine mcdule,
which is an operating cryogenically-cooled duct, will probably be fabricated iIn
a model shop where the specific technology for fabrication exists or ccuid be de-
velored In a relatively shert time. Since the lower nozzle and erngine medule
configuration will change, there is a necessity to allow and btuild in flexibility in
the test =2pparatus hardware in terms of support structure and services such as water,
liquid hydrogen, electric and hydraulic power.

Initial operation with this module design need not require the use of liguid
hydrogen c~coleé engine modules. In fact, with the water-cooling capacity provided,
it is feasible to use beciler plate engine modules which are water-cooled and con-
structed from nickel or copper rather than refractory metals.

The sidewalls of the test module are back side water-cooled with a steel backup
structure. The top and bottom walls and the sidewalls are structurally reinforced
with a steel beam network which, in turn, is supported by the 29 foot (8.8 m) diam-
eter pressure shell.

The engine expansion surface could be constructed in a manner simijiar to the
actual operational aircraft. The flexibility available to change coni.urs and evalu-
ate different designs is limited, however. The concept shown is for a basic steel
structure which can be coated with an air hardening, fiber reinforced ceramic mix-
ture which could be readily recoatoured and repaired. If the exhaust nozzle design
has proceeded to specific definition stages, actual aircraft structure could be
substituted for the lcw cost ceramic surface.

One of the primary operating problems to be encounterec in the scramjet test

apparatus will be the water and liquid hydrogen cooling requirements and their con-
trol. The coolant pressure levels may have o be balanced to the hot airstream

to prevent structural damage to the thin wall cooling passages. In the nozzle re-
gion, the static pressure of the airstream will vary greatly over a relatively short
span. This may require varying water pressures and/or water passage configuration
within a single component. The water-cooling rate may also be rcquired to change as
the facility is brought from atmospheric conditions to the running flight condition.
If this is the case, the cooling system must be progrsmmed and interlocked into

the flow control valve opeiration.

In a test spparatus of this nature where hydrogen is being burned, procedures
for controlled operation must be developed to minimize the danger to equipment
should failure occur. The hydrogen fuel control system must be interlocked to the
facility run control to assure that the fuel system is at the proper rate and se-
quence. During inspection and equipmeit installation it ray be desirable to empty
and purge the liquid hydrogen system in the experimental apparatus. After a run,
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the test arparatus should b2 purged rrior to allowing personnel In the worri
e exngine module should be fitted with sensors to detect if the working area is
fre: of toxic fumes or fusl.
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tnerefcre te necessaxy tc rrograxm the Intericek system to handle rcre than s single
r r

The split pressure shell is 29 feet (8.8 m) in diameter and the consideratiorns
associated with fielé fabrication are discussed in Section 2.0. Since there is
versornel access to the scramjet module, the closure must be interlccked to prevent
operation unless the shell is in tie closed anéd secure position. Emergency shut-
down switches must also be provided within the shell which will prevent operation
if workmen are within the shell and provide emergency shutdown if necessary.

The exhaust ducting and diffusers for the scramjet test leg are shown in
Figure 7-10. The scramjet facility exhausts on a centerline considerably below
that of the inlet. To provide for the thermo structures test leg nozzles which
attach to the combustor and utilize much of the downsiream scramjet leg piping
requires that the scramjet exhaust be elevated back to the common centerline. The
commona:ity of the downstream piping can be seen in Figures 7-11 and T-12.

The downstream piping and diffuser sections are all water-cooled pipe sections
of rather large diameter. These pipe sections are supported on cradles which run
on tracks to allow for expansion and to rrovide facility aiignment. Each of the
piping sections, since they will be interchangeable, will either require individusl
water circuits and manifolds or provisions made .o allow the water circuits of sev-
eral sections to be put in series using matched water passages at flanges. The
lengths of the various sections of piping will be controlled ultimately by whether
the sections are field or shop fabricated.

The water cooling system for this pipirg will necessarily be quite large to
handlie and control the volumes of water required. The water control system will be
a portion of the overall facility operation and will, therefore, be interlocked
into the primary control sequence to assure that the cooling water system is in the
proper configuration prior to initiating a run. Temperature sensors, ccoling water
flow rates, and pressure controls will be required to monitor and adjust the cooling
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FIGURE 7-10
DUAL MODE RAMJET ENGINE RESEARCH FACILIYY — TEST LEG ARRANGEMENT
WITH SCRAMJET TEST MODULE INSTALLED — ALONG WITH
INTERCHANGEABLE THERMO/STRUCTURAL LEG
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FIGURE 7-11

DUAL MODE RAMJET ENGINE RESEARCH FACILITY — TEST LEG ARRANGEMENT
WITH THERMOSTRUCTURAL NOZZLES INSTALLED
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FIGURE 7-12
DOWNSTREAM PIPING ELEMENT INTERCHANGEABILITY
TO ACCOMMODATE MULTIPLE TEST LEG ARRANGEMENT

Scramjet Test Configuration
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rejuirements for each general section of the piping. Items such as water pump
failure must be handled within a safety interlock system and any serious conditions
would initiate facility shutdown.

Since the scramjet facility could discharge fuel (carbon based fuel or hydrogen)
into the exhaust system, precautions should be taken to purge the piping after a
run and consideration must be given to scrubbing the air to prevent possible damage
or hazardous conditions from developing in the exhauster system.

The scramjet test module .epresents a relatively large structure embodying
novel constructional and operational techniques. For tlhis reason, a confidence
level of 2 is assigned. Acquisition cost of the screamjet module is estimated to
be $18,383,000.

T.2.2 THERMO STRUCTURES TESYT T.EGS ~ The engine facilities are the only flow facil-
ities providing the capability of duplicating the actual flight enviromment, that

is freestream pressure and temperature, and flight velocity. For this reason,

these facilities provide the only source of data for thermodynamic research where
both gus conditions and material temperatures are consistent with flight values, and
are the only source of data on full scale structural components subjected vo a2 dupli-
cated flight environment with exter: al flow. To provide this aerothermodynamic
testing capability, aerodynamic nozzles are provided to generate these flow fields.
A series of nozzles covering the Mach number range from 6 through 12 are represented
in Figure T-6. The throat areas correspond to that for the scramiet test section

at the trajectory point of interest, and therefore have the same mass flow as re-
quired for the scramjet facility. The area ratio is for chemically imperfect gas
flows as given in Reference (6). These potential flow contours were based on data
obtained fram Reference (7) and approximate the relative size for an actual nozzle.
These nozzles are not the full theoretical length, but are shortened to the point
where the last Mach wave intersects the boundary layer edge. The boundary layer
corrections used for these nozzles are based on data obtained in the McDonr=11
Aircraft Company's Hypervelocity Impulse Tunnel, and are published in Reference (8).

Because the flight unit Reynolds number is duplicated, any model tests will
be smaller than the full scale Reynolds number by the model scale. That is, a 2%
model will have 2% of “he full scale Reynolds number. However, for a full scale
structural component, the lscal Reynolds number will be duplicated, as based on
the dimensions of the component, for example, on full scale leading edge components
the flight ccnditions and Reynolds number are duplicated.

The thermo structures test leg consists of three nozzle and piping arrange-—
ments. A common test cabin is utilized which is supported on the same trackage as
the scramjet test apparatus. The thermo structures test leg arrangements are shown
in Figure T-11l. The nozzle sizes are:

1 Constant Velocity Potential Flow

Nozzle Exit Diameter Core Diameter Core Diameter
Mach Number £t (m) £t (m) ft 'm)

6 6.45 (1.97) 5.7 (1.74) 6.0 (1.83)

9 12,2 (3.72) 8.8 (2.69) 10.8 (3.30)

12 18.6 (5.67) 9.0 (2.75) 1,7 (4.49)
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Three axisymmeiric nozzle arrangements are considered for this facility, Mach
6, 9, and 12. The throat regions of these nozzles have liners and are backside
water cooled. The nozzles attach directly to the downstream end of the combustor.
The nozzle throat sections of the nozzle are the most critical from a design and
fabrication standpoint. These nozzles are very large and to .covide the correct
contours and machining tolerances necessary may vrequire that each nozzle throa*
section (block and liner) be made in several sections to allow accurate machining.
The water passages, which are formed by the space between the sur »rt block and the
nozzle liner, also require accurate fabrication to assure the proper cooling passage
dimensions which are necessary for adequate heat removal. The nozzle sections down-
stream from the throat area are not water cooled. Accurate .rachinirng ari
mating of the many sections will be necessary. The downstream ends of the
nozzles extend into a rree jet test cabin which houses the test specimens.

The primary operation and safety aspects of the nozzle test leg will be con-
cerned with the integrity of the nozzle ihroat. Failure or burnout of the nozzle
‘Mroat could suddenly increase the mass flow through the storage healter and ei her
.verstress the heater storage matrix (cored brick) or lirt (float) the upper portion
of the bed due to increesed pressure differential. Either ¢f the above cases would
probably damage the refrantory such that replacement would be required. The water
cooling system for the nozzle throat section i., therefore, : critical item to be
interlocked into the operational sequence, The nozzle throat :ooling water should
be backpressured to a level in excess of the airstream stati .ssure. This will
assure that in the case of a seal leak or failure of the liner that scme water cool-
ing is flowing into the critical area and that the hot high pressure air d.es not
get into the water cooling system and damage the piping, controls or overating
wachinery.

The test cabin is a very large structural box which contains the test specimen.
Being common to all of the test nozzles requires that the nozzl: and diffuser ends
nave - .aovable panels to allow . r the size changes. An access hatch for test
models s provided at the top ¢ .d another for persounnel in the side. Large windows
are provided for viawing ¢’ the model.

Portions of the test cabin will be pr- “abricated. However, the final erection
and fabrication will be required on site.

Three different supersonic diffuser ..rrangements will be required to install
the three Mach number noszles. The super.onic diffuser inlet sections will require
design and fabrication techniques similar to those discussed for the axisymmetric
water cooled nozzle section due to their relative complexity. The “er.ainder of the
water cooled supersoni.. diffuser piping and the large subsonic diffuser sections
were previously discussed with respect to the scramjet test leg.

Emphesis should be placed on the flexibility which is incorporated into the
downstreusm piping and subsonic diffuser arrangement (Figuie 7-12)}. The use of
interchangeable sections greatly increases the utility of th. facility at a small
increment in cost.

Three representative models which can be tested in the thermo structures nozzle
systems are shown in Figure T-13., Axisymmetric and integrated scramjet engines
which could be free jet tested are shown in Figure T7-13a. Note that the same mass
flow capability which can provide flight duplicated condition for a 27.6 £t2
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FIGURF. 7-13a
THERMO/STRUCTURAL REPRESENTATIVE MODEL SIZES

4.3 ftZ (0.4m2) Capture Area, Mach 6
Axisymmetric Scramjet Engine
(Sized for Mach 6 Nozzle)

s

it
(091 m)

i

Mach 8, 3.7 ftZ (0.34 m?) Capture A; 23, Integrated Scramjet Engine
(Sized for Mach S Nozzle)
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FIGURE 7-13b
THERMO/STRUCTURAL REPRESENTATIVE MODEL SIZES
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(2.58 m<) capture area engine module using the modified direct connect mode, can
only accommzodate about a 3.5 ft2 (.34 m?) integrated scramjet engine for free jet
testing. Thus, to accomplish what the modified direct connect test section dees
with 550 1b/sec (250 kg/sec (250 kg/sec) would require about 4300 1b/sec (19¢1 xg/
sec) in a free jet facility. The size of a representative structural component is
shown in Figure T-13b. This size specimen represents the approximate current struc-

tures facility capacity to provide combined mechanical, thermal, altitude load
simulation, and is a major increase in the size of structural specimens which can

be accommodated in flow facilities.

This syst m provides the largesi wind tunnel of its kind capable of flight
duplicated conditions to Mach number 12. The cost of the nozzle and diffuser system
is about 2.5 percent of the total facility cost, but increases its research flexi-
bility and x»search value.

The thermo structural test leg is comprised of large, tut conventional cormpo-
nents. The fully contoured axisymmetric nozzles may require specizl construction
techniques but the confidence level of the entire test leg is 4. Cosit of the addi-
ticnal components which comprise this capability is estimated to be $6,347,000.

T.2.3 CONTINUQUS AND INTESMITTENT HEATER SYSTEMS - Two independent heater systems
are required to satisfy the reguirement for a long run-time scramjet test facility.
In the continous operating mode, the facility is provided with high temperature and
pressure vitiated air by a continucus heater system. This system consists of an
air preheater and a combustor which uses carbon fuel, hea*d air, and oxygen.

These heaters are used in series to provide true temperature capabilities up to
Mach 10, and are used for thermal preconditioning of the engine mcdule prior to
taking pure air performance data in the intermittent mode, and for long run time
experiments. The composition of the test gas using the continuous heater system is
not identical to air at temperatures greater than 1500°R (830°K) but does meintain
approximately 21% oxygen by volume at all t_.peratures and closely approximates the
thermodynamic properties of air with low wvater vapor conternt.

In the intermittent mode of operation, a regenerative refractory heater is
used to provide pure air at temperatures up to 4500°R, (2500°K) equivalent to true
temperature operation at Mach 7.5 to 8.0. This eyecle lasts for 1 or 2 minutes,
depending on the run conditions. The storage heater can be cycled with the contin-
ous heater, providing the capability to obtain air performance data once every
hour, reverting to vitiated air testinrg upon completion of the air cycle.

Figure T-2 shows the flight corridor ottained by the facility and the regions
of pure air and vitiated air testing. The following sections describe the features
of both heate. systems.

7.2.3.1 Regenerative Refractory Heater (iIntermittent Mode) - The <mportant
features of this heater are shown in Figure T-14%., The heater is a pressure vessel
filled with a heat storage matrix (bed). The bed is heated utilizing carbon

fuel, air, and oxygen in premix, water cooled burners lccated at the top of the
heater; the reheat gas is passed through the bed and exhausted from the bottom of
the heater through an exhaust stack. Through proper design of the vessel insula-
tion and control of the burner system, a vzriety of vertical temperature profiles
can ve produced in the matrix which allow predictable outlet gas temperatures
during heater blowdown. Blowdown is accomplished by intr~ducing cold air into the
bottom of the heater and discharging it out the top into the ducting to the test
section.
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FIGURE 7-14
DUAL MODE RAMJET ENGINE RESEARCH FACILITY - B
HEATER AND COMBUSTOR ARRANGEMENT
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The heat storage matrix Tor the heater will consist of zirconia and alumina
cored brick for the uprer and lnwer gorticons cf the heater, respectively. The
cored brick configuration and material specifications are determined from the mass
flow rate, run duration, energy storage and heat extraction rate requirements, =nd
the siresses imposed on the brick. The bed is supported from the bottom of the
neater on a grate suprort system. To assist in the formation of the rroper ted
temperature profile and to prevent overheating of the grate or vessel, the heater
including the matrix, is fitted with thermcccuples.

The complete heater system is su.ported from the side of the vessel and
suspended in a pvit. The support system allows for thermal growth such that the
centerline of the facility will remain fixed.

e rost critical itexm in the storage heater sysiem from an operational siand-
e is the reheat system. The rekeat system must Incorporate a complete sel of
contrels {pressure *eghlators, Slowmeters, valving, etc.) for each of the ccabustion
censtitutuents. To avoid damage to the refractory material, specific heating proc-
cedures dust be established. The heater matrix vertical temperature prcfile must
be forzed in steps to prrevent excessive stress levels Irom occurring in the corei
brick and tc prevent over-icmperature of certain pcrtions of the heater before the
desired maxinmum bed temperature is achieved. urrer cperating tebles or reheat
schedules must be prepared generally for each of the desirec heater ocutlet air
texperature levels. These schedules describe the burner flow rate regquiremsnt for
each of the combustion constituents {carbton, air snd 0p) end the length of time at
the partvicular burner setting. In addition, the reheat schecdules and the operating
rocedures set forth will assure oXygen-rich cperation and prevent damage which
can be czused by burner flashback or blowoff. The dburner overztor is aid=d in the
reheal precess by thermocouple instrumentation throughcut the bed.

o

In large diameter heaters, an additional feature is incorporate il into the
r2heal system to reduce the radial temperature profile caused by heat Zoss to the
insuwlation and vessel walls. This radial profile, nctier in the center cof the
matrix thean around the veriphery, will cause a reduction in hezater outlet
temperature if uncorrected. In addition, the radial profile iniroduces severe
temperature gradients in the cored bricxk near the insulaticn and ray become serious
erough to cause cracking of the trick. To reduce 3He radial temperature profila,
annular reheating is utilized which consists of forcing the reheat gases to fiow
anntiar.ly through the masrix, i.e., ideally no flow through the center section of
the matrix. This is accomplished by designing the grate system to wllow reheat
flow in iwo separate areas. The annular rehez% gas is taken cut ¢l tha heater %o
the exhaust stacx “hrough a2 separats line.

During rehest, safety precautions are required to prevent versonnel or faci-
& s Yy P q T S

lity compoanent damege. Prior to burner ignition, the burner and heater must te
in *he preoper cenfiguration. The proper configuration would inclule:

Desired exhaust valve positioning.

Plug valve at heater outlet closed znd locked.

Plug valve cooling water on and flow rate set.

Burner cooling water on and flow rate set.

3urner controls in proper positon.

Burner air, 02 and carbton fuel supply flow rates set.
Thermocouple recorders omn.

PRECEDING PAGE BLANK NOT FILMEC
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The reheat system must incorporate an interlock warning system which indicate=s
sl items as cver-temperature or loss of burner or plug valve cooling water.
Int.». ¥z on Lhe burner c..:itrol system would prevent burner operation if any of
thc at.cve tasxs were not accomplished, During burner operation, loss of cooling
water. indieatiors of burrer flashback, or loss of one cof thz burner combustion
ﬂonst:*xeqts would shut tle burner off and sound an slarm.

«r tc blowdown creratior, the refractory heater system must be secured for
.peraticn. Spacific tasks and system checks will be required which will be
scked items and are listed below.

1. Burnerg secured for blowdown operac .- :
o Water cooling conditions (pressure and Tlow rate) set

o High prressure isclation valves on combusiicn crn~tituents closed
o Furge air for burner(s) set -

Z. Ezater in tlowdown configuratica

o Heater temperature profile confirmed

o Primary stack valve closed

o =snnular reheat valve closed and blowdown valve open

¢ =ecorders on for monitoring heater temperatures
~uring the actual tlowdown, specific items will be monitored and interlocked
te rrevent heater system damage, such as pressure across heater bed, heater press-
a2n.d certaln vessel and refractory temperatures. Exceeding predetermined
cr. irese iters would initizte shutdown.

ractory iined elbow passes the hot air flow from the heater to the

cting. Incorrorated into this elbow is a plug valve which isolates this
storzge heater from the air preheater and combustor ducting. A water-cooled pipe
section connected to the downstream end of the elbow provides the plug valve seat.
The plug valve, when fully retracted, is housed in a cavity out of the hot air
stream, TFrovisions will be reguired in the design to allow frequent inspection and
malirtenznce of the piug and seat items.

it.e plug actuation system must be automatically controlled, utilizing a
rrogrammad interlock system ve assure proper sequencing of the plug valve with the
continuous operational mode oressure control valving. A failsafe system for faci-
lity control velve operation is essential in case of power failure. Various areas
of the =lbow snell, refractcry lining, and plug seat will recuire interlocked
thermocouple instrumentation to prevent overheating of these components. The plug
valve and sc contain separste water systems which must be interlocked to prevent

turwncr, cleowaswn, or ccntinuous moce operation vrior to establishing the proper
wvat-r ¢ "ling conditions. In case of water system failure, the facility operation
S0 e st down.

. tanifold angd tee riping arrangement is included in the piping to proviae

artranc . ducting from the continuous air preheater. This high pressure piping is

intern:z11r insulated with a refractory lining capable of withstanding the maximum

tenperat oo capability of the storage heater. The manifold and tee aiiangement
!ore lnotrunonts §owiti thermocouples and interlocked to prevent overheating.

: -visn oor fabrication problems are not enticipated. A means of visual
ldutLLLJun of the refractory lining shouid be provided. This could be accomplished
by providing view ports at several locations

MCDONNELL AIRCRAFT
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The combustor is comnected directly to the pipe tee and Tor blowdown operation
of the storage heater is used only as a stilling chamber or duct to the scramjet
module or thermostructures nozzle arrangement. The details of this item will be
covered later in the text during discussion of the continuous operation.

A summary of the import int specifications of the regenerative heater follow:

TYPE = v o « o o o o o « =« « « o « « « Zirconia/Alumina cored brick matrix
storage heater

Reheat system . . . . ... . . . . . Carbon fuel, air, oxygen

Max. mass f1OW « « « « « « « « « « . . 550 lbm/sec (250 kg/sec)

Max. pressureé . . . . « - « + « . . . 3000 psi (2070 N/cm2)
Max. temperature . . . . . . . . . . . 4500°R (2500°R)

Refractory storage heater design, including meterial specification, fabrica-
tion, and operation, have advanced significantly in the past few years to the
point where development work in materials ¢ fabrication is not anticipated.

The refractory lining of the elbow will require the design and fabrication of
special shapes which are currently within the abilities of refactory manufacturers.
No special problems are anticipated in regards to material selection for this item.

Plug valves of the specified type have been operated in a similar environment
on a much smaller scale. Scme development may be required on this item to
provide the necessary transfer of technology. The assigned confidence level of the
regenerative heater, associated ducting, and reheat system is L. Estimated cost
of the system is $7,189,000.

T.2.3.2 Continuous Hesters - The continuous mode of uperation utilizes the air
preheater in series with the carbon combustor to generate the desired flow con-
ditions. During continuous operation, the plug valve isolates the refractory
storage heater which may be in a reheat cycle.

The air preheater used in the Phase II study was an electric induction heater
with a stainless stcel matrix similar to the heater used in the GD20 facility.
The electric power required for such & heater is about 205 megawatts, and its
operation is continuous.

It was decided to change the heater type to an oil-fired combustion heat ex-
changer to conserve greatly on both acquistion and operating costs. This was made
vossinie technieally since, during the Phase IIT study, it was found possible to
lower the preheater outlet temperature to 1000°F (583°C) from the 1500°F (818°C)
originally thought necessary. The air preheater will thus be comprised of commer-
cially available equipment, the major design problem being the high pressure level.
The heating requirements of the air preheater are shown in Figure T-15. Some
specifications of the air preheater follow:

Type « « ¢ ¢« ¢« o & 4 4 o v + 4 s o« « + « 0Oil-fired air to air heat exchanger
Maximum weight flew . . . . . . . . . . 550 1bm/sec (250 kg/sec)

Maximum pressure . . . . « « « « . - . . 3000 psia (2070 N/cm2)

Maximum outlet temperature . . . . . . . 1500°R (830°K)

Maximum Heating rate . . . . . . . . . . 700 x 106 Btu/hr (20k MW)

(50% efficiency assumed)

The assigned confidence level of the o0il fired heat exchanger is 5. Estimated
cost is $7,000,000.

MCDONNELL AIRCRAFT
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FIGURE 7-15
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In Phase II the carbon combustor used on-site generated carbon monoxide {C0),
based on a carhon monoxide generator at the Cabot Corporation's Ashtsbula, Ohio
plant. If a carbon reactor of the same size as the zirconia storage heater was
utilized, about 220 1b/sec (100 kg/sec) of CO at abou: 3600°R {2000°K) could be
manufactured based on data in Reference 9. The carbon reactor, air, oxygen,
and carbon reactants, carbon charging system, and associated piping would probably
cost on the order of 5 to 8 millions, using the zirconia storage heater as a refer-
ence. The carbon monoxide system is costly to acquire and could be complex to
operate at pressures to 3000 psi (2060 N/cm?2). Using a carbon monoxide combustion
system, the combustor system is operated in conjunction with .he preheater to pro-
vide about 6000°R (3340°K) vitiated air to the scramjet test module.

In fact however, the carbon reactor supplied carbon monoxide fuel system is
neither the simplest or the lowest cost. The Cabot Corporation spent considerable
manpower examining the carbon combustcr system to refine the concept as much as
possible. The two systems they finally recommended use carbon fuel and are based
on proprietory techniques associated with the Cabot Corporation's product lines.
These systens will not be described in this report because of their proprietory
nature. It can be stated, however, that these techniques represent a simpler,
smaller process, requiring less investment, and probably lower operational costs.
Maximum vitiated air temperatures in excess of 7000°R (3900°K) are achievable at
pressures of 3000 psia (2060 N/cm”}. The relative proportions of the input mixtures,
and output gas composition are presented in Figures T7-16 snd T-17.

Figure T-16 shows the range of mass flow requirements of the combustor inputs
as a function of flame temperature. The chemical composition of the combustion
products as a function of flame temperature is shown in Figure T-17. The molar
concentration of molecular oxygen is held very close to 21% throughout the tempera-
ture range. The chemical composition of the ccmbustion products is shown for the
direct combustion of a carbon fuel manufactured by a method proprietary to the
Cabot Corporation. Two alternate methods of producing cerbon were suggested. The
least expensive system, designated as Method A, has the highest concentration of
water vapor. The combustion process described in Phase II used carbon monoxide gas
and was virtually free of water vapor. This system is the most expensive, as a
pebble bed reactor, a large oxygen system, and a carbon monoxide accumulator must
be provided in addition to the carbon fuel generator. For Phase III, costs of the
carbon system are based on an approximaste estimate of Method A, the cheapest method.
Method B will cost about 5 times and the carboxa-monoxide system would cost very
approximately T to 10 times Method A. The exact system chosen will depend on the
assumed permissible level of water vapor in the vitiated air.

Some important specifications of the combustor system are tabulated belcw:

TYDPE o v ¢ ¢ ¢ o o o o o o s o o« Continuous combustion chamber

Temperature . . . . .« « « « . . . 1500 to TOOO°R (830 to 3900°K)
Maximum mass flow . . . . . . . . 550 lbm/sec (250 kg/sec)
Maximum pressure . . . . . . . . . 300C psia (2070 N/cm?)
Fuels: :
Carbon fuel . . . . . . Provided continuously at rates up to

55 1b/sec (25 kg/sec) by proprietary method of Cabot Corporation.

AMCDONNELL AIRCRAFT
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FIGURE 7-16

INPUT CONSTITUENTS OF CARBON COMBUSTOR AS A FUNCTION OF FLAME TEMPERATURE
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FIGURE 7-17
CHEMICAL. COMPOSITION OF THE PRODUCTS OF COMBUSTICN
Carbon Combustor (Method A)
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AT v . 4 v e 4 « +w e . . .. Preheatec =0 1500° (830°%) by the oil
fired heater vreviously Jdescribed.
OXYEED « v+ v ¢ ¢ 4 o o o o« « & Provided by a sepuarate cryogenic system.

carbon fuel and oxygen are injected annularly into the air stream from the pre-
heater and vurnec. Two manifoids around the combustor shell handle the carbon and
C~» which are carried tc and injected from a water-cocled expansion step in ihe com-
tustor. The details of the combustor 1=re shown in Figure 7-1h.

2 ecombustor pressure vessel cmploys laminated steel shell coastruction, with
an integral water cooling system to keep the pressure shell temperatures low. 4
refractory clad inner liner serves to increase wall temperatures inside the combus-
tor, reducing trermat losses. The concstruction is analogous to the fixed nozzle
tlcek for the scramjet test section. This type of design ana fatricatica is not
comren in wind tunnel cpplication and wil! recessitate some transfer of technology
to trerare a functioral design and fabricate the hardware.

The cormbustor system will necessrcrily contain control systems for water cool-
ng aund carbon fuel and oxyg~n flow control. The water cooling system must be
t

l—"

ia erlock g into t'e facilirs weraticnal system to prevrent running if the water
cornditions become inadequz.. trotect the combustor vessel. The 0o and carbon
systems will bec-me part of as automeiic facili+y control program integrated with
the air flow conirol *hroush the air pieneater, at the refractcry heater blowdown

ccntrol, and the plug valve ogeration.

Safety procedures for handling the oxygen and carbon fuel and detection of
excessive -3as tuaild-up will be necessary to avoid hazardous operation in rms oOT
personnel and equipment. Freguent inspection and maintenance of the hot flow sur-
face and injection system wili be necessary. To accomplish this with ease, it may
become nzcessary to drop the combustor out of the tast circuit.

The cost of the combustor and the carbon fuel supply (Method A), is estimated
at 31,000,000 und has a confiderce level of L.

7.2.4 CNPRESSOR AxD EXHAUSTER PLALTS - The air weight flow reguirements at alii-
tude and Mach number for the scramdet engine test .odule ard the thermostructural
test ler nozzles were translated into facilicy inlet and exhaust conditions (Figures
T-18 and 7-13.

For the inlet conditions to be provided by a compressor plant, the weight flow
and inlet presrure were converted to compressor inlet volume flow and pressure ratio
(Pr} so as to determine total compressor requirements. Inlet volume flow was cal-
culated at an inlet pressure of 13.8 psia (S.5 N/er2) to allow for inlet pressure
dicp, and an inlet tempe . 'v—e of 90°F (361°C,. Relative humidity at these condi-
tions was assumed to be 3u;'. The .equired pressure ratio was calculated hy:

/P = 2,/13.8,
where Pp was determincd from the to’ . pressure required a* the test leg stilling

¢he e oslus frictional pressure lost.es produced bty the supply line ani the
stilli.ug chamber hardware.
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FIGUFE 7-18
CHARACTERISTICS OF E9 COMPRESSOR PLANT
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FIGURE 7-19
CHARACTERISTICS OF E9 EXHAUSTER PLANT
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The results of these calculations are presented graphically in Figure T-18,
which portcays the pressure and volume flow requirements. Sirmilar calculations
were made for total exhauster requirements. In this case, Pr is defined as before,
but Py is the variable inle%. pressure and P, is constant, defined to be 1L.7 psia
(10.3 N/cm2). Inlet temperature was assumed to be 100°F {37.2°C). Since moisture
is introduced into the flow by both the combustion in the engine and by the spray
cooling apparatus, the relative humidity of the flow entering the exhausters is
100% ot all inlet pressures, and was accounted for in the exhauster inlet calcula-
tions. Another factor included in the total volur~ fiow was the contribution added
by the engine fuel. This was taken to be six percent for hydrogen fuel. Exnhauster
inlet pressure which is used to calculate both Pr and volumetric flow rate was
assumed to be 100% of normal shock recovery for the Scramjet Module, and T0% of
normal shock recovery for the Thermestructural Nozzles.

With the above assumptions, the total exhauster requirements were calculated
and are shown in Figure T-12.

In this faecility, the wide difference in pressure ratios and inlet volume flow
between the compressor and exhausvier plants precluded any rational combination of
func:ions in 2 tingle plant, so separate commressor and exhauster plant specifica-
tions were developed by Allis Chalmers.

A schemetic of the compressor and exh-uster plants is shown in Figure 7-20,
along with a list of the machines required. Beth :lants are straighi.orward, with
two banks of machines each. Four stages of compression are required to obtain the
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cvaralil Pr = 220 needed for the compressor plsnt, while only two stagecs are nceded
Tur the exhausters. Tne cost of this piant is broken down as follows:

Mechanical components: Including all Ccmpressors Fxhausters
equipment listed on the Bill of
Material plus installation and setup

charges. $38,785,000 $15,136,000

Machine footings, foundations and
building. 783,000 825,000
TOTAL $39,568,000 $15,961,000

Athough this is a very large rliant, all components represent hardware either
availebie or designed, so a confidence level of L.7 is assigned.

T.2.5 TACILITY COOLING SYSTEMS - The heat introduced into the air flow by the
inlet hesaters and the engine operating in the test section must be removed so that

exhauster volume fliow is reauced tc a minimum and that flow temperature is low
enough for reliadble operation of the dcwnstream configuration valving and exhauster
machinesy.

A water srray, located directly behind the test section, is used to drop the
flcw temperature from temperatures in the 6500°R (3600°K) range to about 100 to 210°F
(37.8 tc 99°C). The actual temperature downstream of the spray is a unique function
of pressure. Likewise, the amount or water required ver nound of dry air is a unique
function of the static ovressure, for a Ziven upstream air vtemperature. These frac-
+ions are similar to those shown in Figure 6-11, except a1 upstream air temperature
¢ 5J0C°F (3310°C) and ar initial water temperature of 80°F (25.7 °C) is assumed for
E9. The minimum downstream temperature under these conditions is also shown as a
function of static pressure. If excess water is sprayed in, no additional cooling
will be obtained, th=2 excess being drained to the barometric well. With the range
0° air flows available in EQ, a sprzy system cconsisting of a lake water reservoir,
pumping station. piping and valving with a maximum water fiow rate cf 7920 gpm
(29.6 m3/min} is r:quired.

Heximum allowable exhauster inlat temperature is 100°F (37.8°C). An air-tc-
water heat exchange system is installed downstream of the spray cooling unit to
obtain this final incremeat of cooling. As the temperature of the wet air mixture
drops in the cooler, nearby all of the water vapor introduced by the spray cooler
is condensed out of the flow, g utly reducing the volume flow to the exhausters.
The heat exchangers, known as dehumidification coolers, are built in individual
urits, two on each exhauster bank inlet pipe. These coolers are each 28 ft (8.5 m)
in diameter and approximately 50 ft (15.3 m) long. Each cooler is serviced by a
wvater supply system which brings 80°F (26.7°C) water from a lake or reservoir and
returns the warm water to the reservoir.

A third cooling system is provided for the backside cooling of the scramjet
module flex plate nozzle, the thermostructural nozzles, and diffuser sections.
This system is a closed-loop deminerajiized water system, incorporating a water-to-
water heat exchanger. Chilled water for the heat exchanger is provided by reservoir
water.

MCDOANNELL AIRCRAFT
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A brief summary of the three cooling systems follows:

SPRAY COOLING:

Maximum Flow Rate + + ¢ « ¢ « o 2 ¢« o« o = « » « T920 SPE»(ZQ 6 m3/m1n)
Maximum Pressure « « « o « « o « « « o« o o« o « o 30 psi (20.8 N/cm2)
Pump HOrSEpOWET + « « « « « = « = « « « « « « « 615 hp (260 kW)

COSE o o o e o o e o v s e e e e e e .. $292,000

DEHUMIDIFICATION COOLERS:

Heat Exchangers - 4 Firned Tube Type Units,
Fach 28 ¢t (8.5 m) Dia X 50 ft
(15.3 m} Loug

Maximum Flow Inlet Temp . - « « . . . . « . 210°F (99°C)
Outlet Temp (All Conaitions)! . . . . . . . 100°F (37.8°C)
Max. Total Weight Mixture Flow Rate . . . . 1650 lbm/sec (746 kg/sec)
Max. Heat Exchange Requiremerts . . . . . . L.6 x 109 Btu/hr (1350 MW)
Total Water Flow Recuirements . . . . . . . 265,000 gpm (1000 m3/min)
(Proviced *n Two Separate Systems)
Total POWET . = « « « « o « o o« o« « « « « « 26,400 hp (19,600 kW)
COSE «+ « v o v e e e v v e e e e e« .. $10,500,000

BACKSIDE WATER COOLING:

Deminerali:ed Water System
FIOW RAtE + o v « « o = o « « o « « « 3510 gpm (13.3 m3/min)
Maximum Pressure . « « « « « « « » « . 2120 psia (146 N/cm?)
Minimum Water Temperature . . . . . . 80°F (26.7°C)
Maximum Water Temperature . . . . . . 210°F (99°C)
Water Pump Powe™ . « « « « . « « . « - 5900 hp (LLOO kW)

Water to Water Heat Exchangers
Meximum Heat Exchange Required . . . . 360 x 106 Btu/hr (10 MW)
Reservoir Water Pressure . . . . . . . 60,150 gpm (228 m3/min)
Maximum Water Pressure . . . - . . . . 130 psia (90 N/cme)
Water Pump POWwer . « « « « « « « « « » 8,800 hp (6550 kW)
COSE « v v o v e o o e o o o o o o o« $3,LLL,000

The total water cooling requirements, though large, require the application of
large quantities of industrial sized equipment, and do not require the development

of new techniques. A confidence level of 4 is assigned.

7.2.6 MULTI-FrCCMCEESSION HEATER CONCEPT TO SUPPLEMENT EQ CAPABILITY - In Phase

II, an en- i -.on ‘e~ility based on Weatherston's multi-recompression heater
was evalw £ %i'). In the size oripinally proposed by Weatherston,
about 7TH» M- -~ : . ~ver were necessary to power the facility. The Phase

IT scr- ’ e -. "11t. (88) required about ten times that value. The delivery
of thi - : ) . »otors about 4 feet (1.2 m) diameter and 5 feet
(i5» - LWty ¥y . L:aage current power transmission technology severely.
Althovs. vt 7. .l :ssion heater concept is probably feasible, in the size
requived ¥ . - ... 3:ar to be . viable concept withoui a major develop-
ment pre - e st ston. s~ 100 million lcllars. This fact was a major consid-
eration . - ., - - 1« B8 i.ato Phase IIT for refinement. Two multi-recomprescion
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heaters were required to cover the mass flow and enthalpy range for simulated Mach
number 3 to 12 flight. As the analysis of E9 continued in Phase III, it appeared
that the small, high enthalpy multi-recompression heater from E8 in Phase II would
fit into the E9 concept to supply additional clean air capability, when and if the
concept were developed. This section discusses usome of the alternatives available
to integrate this concept into E9, and an order of magnitude estimate of what the
acquisition cost might be.

The multi-recompression heater is a mechanical device which converts shaf
power into thermal snergy. The basic operation involves a rapid succession of free
expansions and work input recompression processes., This is accomplished in a de-
vice which is structurally relsted to a gear pump, but which differs in its basic
prineiple of operation. The power concentration is very high when this device is
driven at the highest practical speeds. A schematic of this concept is shown in
Figure 7-21, showing two methods of gas input, depending on the operating tempera-
ture. The power density of this device, which operates at pitch-line speeds of up
to 800 ft/sec (244 m/sec), is comparable to a piston of 2.8 in (7 cm) diameter mov-
ing against & 300 atmosphere pressure (3039 N/cm?) at a velocity of 800 ft/sec
(2k4 m/sec), ard requires an input of 250,000 hp (186,00 kW).

FIGURE 7-21
MULTIRECOMPRESSION i:EATER CONCEPT, WITH SIDE PLATE REMOVED

Air injection Scheme Where
Heat Transfer Limit on Gear

Alternate Air Injection Teeth is Anproached.
Scheme, Into Gear Well Temperature Exceeding 6000°K (10,800°R)
for Lower Temperatures

To

input ' Cover

\ it ] Lo N

' Location of Leak
Compensator in
Side Plate

Exposed for —/
Surface Cooling
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Based on data deveioped in Volume III, the dimen:. .5 of the multi-recompres-
sion rotor required to match the mass flow of E9, fromn 4500°R (2500°K) to the throat
heat transfer limit sre 55.3 in (1.4 m) diameter, 67.3 in (1.7 m) long, with 12
teeth 6.7 in (17 cm) deer. The performance of this machine and its power require-
ments are shown in Figure T-22.

The maximum perfcrmance of this system over the ~arbon combustor concept is
shown as zone (2) in Figures 7-2 and 7-6. The magnitude of the power source re-
quired to deliver about 1300 MW of power to two rotors about 5 ft. (1.5 m) in diam-
eter is impressive. 1In actuality, two modes of operation are available, as prcposed
by Weatherston. One mode of operation would be on an intermittent basis using fly-
wheels to store kinetic energy sufficient *o maintain a relatively uniform un con-
dition over a short run period. In this mode, the heater concept would supplement
the zirconia storage heater to provide an air testing capability from Mach 3 to
Mach 12.5 with flight duplicated ccnditions on an intermittent run basis. The
other mode of operation would be on a continuous basis supplementing the carbon
combustor at temperatures above 4500°R (2500°K), thus providing nearly pure air up
to L4500°R (2500°K) and clean air from that point to almost 10,800°R (6000°K) on a
continucus basis. Figure T-23 contrasts the continuous installation versus inter-
mittent installation. The flywheels are designed to supply the test conditions
over a 30-second run with a T 5% variation. From data presented in 3ection 3, 26
General Electric GEL/JSP engines are required as gas generators to drive two free
twbines which power the two rotors. The confidence lerel associated with this
development is 1, indicating maximum risk. The estimated costs of adding this sys-
tem to an existing E9 facility are:

ACQUISITION COSTS ($1000)

ITEM
INTERMITTENT CONTINUOUS
k5,000 60,000 Mulvi- Recompression Heater, Including
Development Costs

4,000 61,000 Drive System

4,200 105,000 Gas Turbine Engines
10,00C 15,000 Integration into Basic E9 Facility
63,200 241,000 Total.

7.2.7 COST SUMMARY - Figure T-2L presents a detailed cost breakdown for the E9Q
facility, based on costing techniques described in Section 2, as necessary to ac-
quire the entire facility. There currently exists no similar facility into which
59 can be integrated. If the planned AEDC TRIPLTEE Facility is acquired, however,
it would form the logical base into which tue E9 concept could be integrated. The
cost savings would be minimel since TRIPLTEE is presently conceived as an inter-
mittent facility. Integration of E9 into this concept would convert it into a con-
tinuous operation facility. Probably no mcre than about 20 million dollars would
be saved by the integration. The primary benefit would be in acquiring the oper-
ating experience associated -rith the TRIPLTEE staf¥f.
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FIGURE 7-22
PERFORMANCE OF SUPPLEMENTAL MULTIRECOMPRESSION HEATER FOR ES
M Py To v Power Rotor Power Torque Remarks
psia °R 1b/sec Factor Speed hpxlO‘6 £t-1bx10-6
(#/cm2) | (°K) [(kg/sec) | Btu/sec-psi | rpm (MW) (MN-m)
(kW-cm2/N)
38 1980 4500 550 320 2560 .90 1.75
(1370) | (2500) | (250) (L90) (670) (2.28)
8.6 3110 5000 550 228 1820 1,01 2.90
(2150) | (2800){ (250) (350) (750) (2.78)
.0} 4110 560G 550 192 1530 1.12 3.83
(2830) | (3100) | (250) (292) (834) (5.00)
9.5 6350 6200 550 132 1060 1.19 5.50 Throat cool-
ing limit
(4390) { (3400)| (250) (202) (886) I  (7.17) | reached.
9.7 7000 6400 550 124 990 1.23 6.55 Maximum
) pressure &
(4830) | (3550) | (250) (189) (920) (8.55) | torque
10.0} 6480 6700 550 137 1100 .28 6.14
(4460) | (3700)] (250) (210) (960) (8.00)
10.5] 5300 7400 550 200 1600 1.50 L.92
{36557 | (h100)| (250) (306) (1120) (6.50)
11.0/ 660 8100 550 262 2130 1.73 4, 32
{3220) | (4500)| (250) (400) (1290) (5.60) | Maximum
. Power
11.5] 3580 9000 L60 340 2720 1.73 3.30 Maximum
Power
{2h70) | (5000)| (280) (520) (1290) (L4.30)
12.0l 3200 9600 348 3ko 2720 1.52 2.98
(2210) | (5300)| (158) (520) (1150) (3.69)
12.5] 2800 | 10k00 262 2k 2720 1.37 2.72
(1930) | (5800)| (118) (520) (1020) (3.52)

T-54
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FIGURE 7-23
DRIVE SYSTEM CONCEPT FOR S:*r PLEMENTAL MULTI-RECOMPRESSION HEATER SYSTEM

Inertial* .
Intermittent g | —gmm. CONtINUOUS®
Drive Drive
+5% Variation Over 30 Second Run

Inertiai wmicel

25 1t Dia. 6.7 ft Thick

(7.5 m Dia, 2.02 m Thick)
Made [rom Depleted Uranium,

Weight 3,151,000 Sbm (1,440,000 kg) Timing Gears

L]

\\Imi-Recoumssim Heater

Rator
46ftDia(l.4 m)
& - - - | 5.6 ft Long (1.7 m)
N 0.55 ft (017 m) Gear Depth

2 Stage, 70,000 shp Free Turbine

(52,000 k¥) :
1 -A GE4/J5P Gas Generator —
to Acc.lerate Flywheel -
to Design Speed """ﬁ—,;‘

*Left side of figure illustrates schematically one-half of the equipment needed to operate on an irtermittent basis with inertial energy storage while
right side of figure illustrates one-half of the gas generators and power turhines necded to operate on a continuous basis.

FOLDOUT. FRAME {
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1 Heater

n)
7 m)

Gear Depth

2 Stage 865,000 shp Twhine, 38 ft Dia. 11.5 m)

(645,000 kW)

13-GE4/J5P Gas Geierators
Around Periphery of Turbine

5 Meters

+0 Feetl

/m
LN T 1
7
o000/
- - “_-l ”
>
S
| ol
1

Maximum Continuous Power 1,730,000 hp (1290 (MW)
Maximum Torqee 6,500,000 ft-Ib (8,750,000 N-m)
Maximum Speed 2720 rpm
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FIGURE 7-24
COST SUMMARY - E9

Shee 1 or 2

Facility Component

Cos+ ($1000's)

Test Leg

Footings and foundations 83€
Scramjet test module 15,152
Water cooled diffuser spcols 2,164
Muffler 230
Subtotal Test Leg 18,383
Thermostructure Test Accessories
Thermostructure test cabin 1,058
Mach 6 nozzle and diffuser 853
Mach 9 nozzle and diffuser 1,499
Mzch 12 nozzle and diffuser 2,091
Water cooled diffuser spools 846
Subtotal Thermostructure Test Accessories 6,347
0il/Gas Fired Combustion Heat Exchanger 7,000
izcl Boiler
Hot ai+~ pipe
Cold air pipe
Zirconia Storage Heater
Cold air pipe 250
deater shell and foundation 1,366
Premix burners 500
Alunina brick 773
Zirconia brick 2,500
Thermal insulation 1,800
Subtotal Zirconia Storage Heate. 7,189
Carbnn Fuel System 1,000
Compressor Plant
Building 783
Compressor 31,105
Piping (to l-eaters) 3,072
Control valves o 4,608
Subtotal Com_.res: r Plant 39,568
Exhauster Plant
Building b2s
Exhauster 11,236
Piping (to exhaust muffler) 1,560
Control valves 2,340
Subtotal Exheuster F.ant 15,961

PRECEDING PAGE BLANK NOT FT"MED
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FIGURE 7-24 (Continued)

COST SUMMARY - E9 Sheet 2 of 2

Facility Component Cost ($1C007's)
Dehiumidification Coolers 1C,722
Intake Tower 107
Miscellaneous Valves LET
Miscellanecus Piping 827
Test Leg Water Cooling System 3,5ku
Substation 9,000
Automatic Facility Control System LoQ
Instrumentation and Data Acquisition Systen i,102
Total B9 Components 121,558
Contengency 8 10% 12,156
Total E9 Facility Cost 133,71k
A & E Fee 8 6% 8,021
Menagement and Construction Coordination Fee € L% 5,350
Grand Total E9 1k7,085

ASCDONNELL AIRCRAFYT
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The contributions of the components to the total cost can best be illustrated
by Figure 7-25. The dominant cost of the compressor plant, exhzuster plant, and
scramjet test section (about 60% of total cost) is indicative of the lack of cost
reduction possibiliiies by integration into an existing facility complex. This
compressor and exhauster p.ant represents considerably more capacity than found at
research establishments.

FIGURE 7-25

DISTRIBUTION CF ACQUISITION COSTS FOR ES
Total Acquisition Cost: $147,085,000

Compressor Scramjet
Plant Module
and Test
Leg
intake Tower
Exhaust Tower
athhes-—\
Carbon Fuel L,
Combusto: —>=
Interconnecting Exharster
Piping (7 Plant
instrumentation and
Control System -/
Dehumidification
Water Cooling Sysiem Coolere
Thermostructural %gsz? Substation
Test Accessories
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As for E20, the systems required to provide high pressure, heated continuous
air{lew are the major cost contributors, exceeding by far the cost of the actual
test ayrraratus. Because of this cost relationship, for instance, having provided
comrressors, exhausters, heaters, cooling for the scramjet test module, it is

vossitie to add the thermostructural test capability at a very low relative cost,
in this case, 4.8% of the total cost.

The sperating costs were calculated according tc the methods of Section 2.3.2,

using the foliowing assumptions:

UU = Power Utilization Factor = .5

U = Consumable Utilizaticn Factor = .5 Fer Carben and LOj
= .9 For Fuel Cil

CUY = (Cryogenic Utilizaiicn Factor = 1.54 for L0p

U = Run Utilization Factor = .3

5§- = Iover Cost = .0065 (Utility Fower)

e = Consumable Cost = $.10/gal (Fuel 0il) ($26/m3)
= .04/2~ {cCarbon) (.088/kg)
= .061/1b (LCo) (.134/kg}

U = Paecility Utiiizetion Factor = .6

amual Maintenance Cost = $2,700,00C

dg = Direet Staffing = 75

Z“ne annual maintenance ccsts were b.asc:l on scaling historic data obtained from
~zDC, and major equipment suppliers. Thils cost includes only parts and equipment,
ranpower costs are included in the 75 neople staffing. Utilizing these factors, the
cost equations in 2.3.12 were evaluatei. 7=b: cost per facility occupancy hour is
then:

Electric '#wililLy 415
Fuel 0i. 126
Carbon Fuel 1190
LCa 91
Energy 2522
Staffing éSOO
Haintenance 2250

$7272/0ccu; incy Hour

MCODONNELL AIRCRAFT
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7.3 SPECIFIC SITE CONSIDERATICONS

In addition to the general site considerstions in Section 2.7, E9 poses probier~
in two additional areas, namely, the potential noise assoniated with its operation,
and the storage of large gquantities of chemical fuels and oxidizers im proximity to
each other. Almospheric pollution contributed by this facility should be minimal,
for with cooling water sprays and dehumidifying coolers which remove 99% of the
water vapor, most of the water soluable contaminants should be remcved from the ex-
haust gases. Given its independent cooling water supply, such as Yood's Reservoir
at AEDC, the overall impact on the surrounding environment could be minimized.

The muffler concept which satisfied the restrictions given in Appendix A was
designed for about 2000 lb/sec (906 kg/sec). Thus for the 550 1b/sec {250 kg/sec)
for ¥9 a very satisfactory sound level should be possible. The large quantities
of fuel and oxidizers however will require a remote site, yet with general access
for shipment of outsized subassemblies for field fabrication. There are probably
many sites which could satisfy these requirements, such as the Marshal Space Flight
Center at Huntsville, Alabama. This site has been used to test F-1 rocket engines,
with their resultant high noise levels and requirements for storing large quantities
of liquid hyidrogen and oxygen. However, an overriding consideration is probably
the experience level of the potential operating staff in operating zirconia storage
heaters, since TRIPLTEE will eventually employ two or three zirconia heaters of the
size of the one zirconia heater required for E9. If TRIPLTEE is nearing operation
or is in operation at the time E9 would be planned, in all probability AEDC shculd
be considered as the most suitable site because of the concentration of personnel
and equipment engaged in nearly identical tasks, and the suitable bese to integrate
into.

7.4 DEVELOPMENT ASSESSMENT

The general ground rules for the development assessment are presented in Section
2.4, Individual component assessments are contained in each subsection discussion
of the facility components, and are summarized in this section.

Cost Confidence Percent Technical
Ttem Fraction Level KiCLi Technical Risk
(Ki) (CLi) Risk Ranking
Scramjet Test Section .151 2 .302 32.98 1
Thermo/Structures Test .052 L .208 5.68
Leg
Zirconia Heater .059 L .236 6.44
0il Fired Heat Exchanger . 057 5 .285 3.11
Carbon Combustor/Supply .008 4 .02k 1.31 9
Oxygen System .0C5 5 .025 27 10
Compressor and Exhauster 448 L7 2,11 31.83 2
Plants
Dehumidifying Coolers .089 Yy .356 9.72 3
Cooling Water System .028 4 112 3.06
Balance of Equipment .103 5 .515 5.62
Total 1.00 k.17 100.0

MCDONNELL AIRCRAFT
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The numerical confidence level associated with the development assessment of
E9 is equal to L.17. This quantified evaluation is generally consistent with a
subjective evaluation that EQ represents a larger version of mechanical concepts
in the present technology and represents a unique assembly of this equipment. The
transfer of a vroprietary technology from a commercial industry will require a
significant effort, and is reflected in the level 3 assigned to the carbon combus-
tor. This facility should not represent a major chalienge to the current fabrica-
tion capability, although some processes unique to the aircraft industry are em~
ployed. Tne major items in the technical @ ¢ ranking are the large compressor/
exhauster plant and scramjet test section. rhe integration of three heater concepts
into oiie operating sysiem presents a challenge to the designers, but probably one
for which acceptable design solutions are available from current experience.

The addition of the multi-recompression concept greatly adds to the technical
uncertainty. Verification of the successful, safe, and reliable operation of a
device absorbing 1920 MW is an important question. For this reason, the lowest
confidence level of 1 was assigned the multi-recompression heater concept. Using
the costs presented in T7.2.6, the following numerical ratings were obtained for
adding a MRCH to Eg9.

Intermittent MRCH Plus kK9

Percent
Item Ki C1,: K;Cy,. Technical
i i .
Risk
E9 .66 4,17 2.75 hi.s5
Intermittent
MRCH .3k 1.00 * .34 58.5
Total 1.00 3.09 100.0
Continuous MRCH Plus EQ
Percent
Item Ki CL. KiCrg Tecynlcal
Risk
EQ .33 k.17 1.38 15.0
Continuous
MRCH .67 1.00 .67 85.0
Total 1.00 2.05 100.0

The composite confidence level of the EQ facility thus drops from 4.17 for the
basic facility to 3.09 when an intermittent multi-recompression heater is added and
and 2.05 when a continuous operating MRCH is added. In both cases, the MRCH repre-
sents the majority of the total technical risk. This evaluation is indicative of
the increased uncertainty that the performance goals can be met, as specified. One
way to reduce the uncertainty for the multi-recompression heater concept would be
developnent of a prototype in the 150 MW power class. In realiiy, even this proto-
type would oniy come after development of perhaps a 15 MW device for initial design
criteria development.

In summary, although E9 represents a collection of technologies not previously
proposed, the facility incorporates concepts each proven in their own applications.

MCDONNELL AINCRAFT
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The major challenge is to assemble these working facets into an overall system.

The uncertainiy that the design performance will be attained is not large, even
though a period of working out the various operational features oi’ the facility may
be necessary.

7.5 ACQUISITION SCHEDULE AND TIMING

The schedule for acquisition E9 is presented in Figure 7-26, and is based on
the general considerations given in Section 2.8. 1t is seen that the facility car
be available for use in about 5-1/2 years. Some time elements could be reduced if
the program were conducted on a crash basis, but the proposed schedule is conserva-
tive, and allowance has been made for the ususl slippage on a major facility efforv.
The total period of 65 months embraces facility demonstration tests as well as cali-
brations and may be longer than wculd be allowed under the pressure of test program
schedule demands. Still, this time should be spent before routine test programs
are scheduled. The cost and schedule for acguisition or the complete facility as
specified are then:

Cost v v v v v v « « - . - $147,085,000
Schedule .« « o « o o o « « 65 Months

The final performance goals need not necessarily represent the irnitial under-
taking. At the expense of increasing total costs, the annual costs could be re-
duced by initiating a stretched out program where the initial facility performance
is less than the final goal. This requires sufficient planring so additional per-
formance increments can be added without significant interruption of the basic
facility operation.

A limited amount of money coulid be deferred by later acquisition of the thermo-
structural test leg components {about 6.4 million dollars), but significant decrease
in the overall facility capability would result if deferred indefinitely. The ac-
quisition of TRIPLTEE would have a definite impact on the cost and schedule asso-
ciated with E9. Since the zirconia storage heater for E9 is essentially a TRIPLTEE
sized heater, E9 could be incorporated into the TRIPLITEE facility complex for about
0.8 of the basic E9 costs. In fact, the purposes of i9 and TRIPLTEE are nearly
identical, the latter facility concept being essentially E9 without the carbon com—
bustor concept, and limited to intermittent operation rather than continuous. If
the necessity for pure air engine resezrch is overwhelming, a multi-~-recompression
heater could be added to the facility which would provide the same conditions as
the carbon combustor, up to the throat cooling limits (see Figure 7-6). For con-
tinuous operation, the cost of acquiring the power alone would be 104 million
dollars, for 26 ground power versions of the GE 4/J5P. Assuming the gearing prob-
lems could be solved, and a multi-recompression heater of the size required could
be develcped, probably on the order of 200 to 300 million dollars would be required
to add the air capability on a continuous basis.

Developing the multi-recompression heater as an intermitten* facility consis-
tent with the operation of the zirconia storage heater would eliminate about 100
million dollars in gas turbine drives, but the development costs for the multi-
recompression heater and gearing would remain. The inertial wheels required to
store enough energy so that a 5% reduction in test conditions occurs during a 30-
second run are about 23 feet (7.6 m) in diameter, would be made of depleted uranium,

MCDDONNELL AIRCRAFY
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and weigh about 3,180,000 1b (1,440,000 kg) per wheel. This alternative appears
te coutain too high a technical risk and cost increment for the benefits gained to
make it a viable concept. Development of the multi-recompression heater in a size
consistent with Weatherston's original recommendations (Reference (10)) appew.'s

feasible, but not in the size required for obtaining the additional air performance
fer E9.

The 5-1/2 year acquisition schedule shown in Figure 7-26 is not considered
unreasonable for a facility of the scope of E9. Since E9 is essentially an add-on
capability to a zirconia storage heater facility, there is no reason why an exist-
ing small facility could not be modified to incorporate the design features of E9.
A fz2c¢ility such as the PARD zirconia heater at Langley Research Center could be
used. Cored brick could be substituted for the present pebble matrix, and a small
combustor capable of about L0 1b/sec (18 kg/sec) could be incorporated into the
design to operate in an intermittent mode initially, and perhaps a continuous mode
at a later date. This would not only provide a 40 ib/sec (18 kg/sec), TOO°R
(3900°K) facility which adds to the capability of LRC, but also could provide the
necessary operating experience and design criteria for E9 at low cost. Probably
less than 2 or 3 million dollars would be required to accomplish the transformation
if maximum use of existing and surplus hardware were made.

7.6 EVALUATION SUMMARY

Unlike the gasdynamic facilities, which provide their research data using sub-
scale models which are structurally dissimilar to the actual aircraft, the contri-
bution of the engine research facilities is related to the realism in size and
structure of the engine components. Further simplification can be made for ramjets
because, unlike turbomachinery, there are no rotating components present. Concepts
such as the scramjet test section, representing a two-dimensional longitudinal slice
through the engine, can provide a significant research capability without attempting
to duplicate the entire engine and flow field.

The engine research facilities, being flight duplicators, provide the pressure,
temperature and velocity corresponding to a given altitude and Mach number. Unless
full scale models, or actual flight hardware are used, full scale Reynolds numbers
will not be obtained. That is, for a 30% model, the Reynolds number will be 30%
the full scale value. At lower Reynolds number, the skin friction coefficient, heat
transfer coefficient, and boundary layer thickness growth rate are all greater, so
that frictional thrust losses and wall heat transfer rates will be greater for a
model, tuan for a fi'l scale test article. This implies that for flight duplicated
conditions with subscale models, experimental data will yi=1ld conservative results.

Unlike the compound turbomachinery engine facility (E20), it was not judged
practical to provide an entire engine test capability for the large ramjet engines
associated with operational aircraft. It was judged sufticient for research pro-
grams, and to demonstrate engine operation, to provide a facility capable of accom-
moiating a single engine module.

In Phase II, a primary consideration was how small a module would be sufficient
to yield research data which could be satisfactorily extrapolated to full scale
sizes, 1In order to provide this answer, the characteristics of scramjet engines
associated with various sizes of aircraft and models were evaluated. An engine
module capture ara of 15 f£t2 (1.39 m2) was Judged sufficient to accomplish a sig-
nificant portion of the necessary research. However, in obtaining the most recent
data for zirconia storage heaters, it appeared that the Phase II size heater would
accommodate almost three times its original estimated mass flow using a cored brick
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FIGURE 7-26
ACQUISITION SCHEDULE, DUAL MODE RAMJET ENGINE RESEARCH FACILITY (E9)
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matrix. It appeared, therefore, feasible to increase the facility performance
without increasing the storage heater size. Analysis showed that a 27.6 ft2

(2.58 m?) capture area module could be accommodated. This would not cnly permit
testing of a single module representing a 600,000 1b (270,000 kg) class operational
aircraft, but 4o to three modules representative of a research aircraft.

The facility size and mass flow represented by the Phase III definition are
large enough to also perform full-scale performance and PFRT testing on turboramjet
engines of the size required by the HYFAC Mach 6 research sirplane. A complete
operating engine (STRJ-11-A~27), which requires up to 340 1b/sec inlet flow, can

"be tested. The carbon fuel combustor can provide contiruous duty cycle testing
while pure air performance data can te obtained using the intermittent zirconia
heater cycle. For a Mach 6 engine, no compromises regarding duplication of flight
conditions need be made. Figure T-27 shows the Mach 6 turboramjet install>d in ihe
scramjet test module. In addition to the removal of the specialized scr.njet engine
hardware, a special forward thrust-stand incorporating an ad)ustable nozzle similar
to that used for the basic scramjet installation and an actual aircraft duct
assembly must be provided.

It is felt that this Mach 6 research airplane engine test capability, in
addition to the larger scramjet engine size compared to that used in Phase II,
Justifies the provision of the enlarged mass flow.

Unlike the gasdynamic facilities, the engine research facilities are subject
to a number of limitations resulting from the high temperatures and pressures
required to duplicate hypersonic flight conditions. Figure T-2 shcews the HYFAC
flight corridor, and the simulation capability of E9 translated into corr=sepcnding
flight conditions. Region 1 presently can only be provided by impulse 7 tities
employing isentropic expansicn, reservoir heated techniques. Dr. Leon ! of
AEDC estimates that MHD accelerators will be able to provide flight dupl 4
conditions at altitudes above 200,000 £t (61 km) and speeds greater than 16,000
ft/sec (5 km/sec). There is a significant region therefore, for which flight dup-
licated conditions ca.not be provided by present facility concepts as limited by
material considerations, as shown in the following sketch.

For Flight Duplicated Conditions

kit/sec
10 15 20 25
100 3 T § _2

-

300
- 4250
E Reservoir Heated
Y Isentropic Expansion
| Limitations R
E Gas Chemistry 8o
§ Impulse Throat

It 1
1 2 3 4 5 6 7 ]

Velocity kn/sec  PrrcEDING PAGE BLANK NOT FILMED:
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In Figure 7-2, region (5) could be added to tiue E9 capability with the addition
of additioral compressors, exhausters, heaters, and coolers costing about an addi-
tional $90,417,000. Regions (2), (3), and (4) could be added either on an inter-
mittent basis ($03,000,000) or on a continuous basis ($241,000,000) by employing
a multi-recompression heater to supplement the basic E9 heater systems.

The concept of the modified direct connect scramjet module test section pro-
vides tbe capability to accommodate a full scale engine module representative of an
operational aircraft using o.ly 550 1b/sec (250 kg/sec) mass flow. 1In a free jet
facility, about nine times that mass flow would be required to test the same module
size. The concept of this test sectioan permits duplication of the flow field from
tne last.inlet ramp to the termination of the exhaust nozzle, as depicted in Figure
T=1.

Since this facility provides flight duplicate? conditions, additional research
capability can be provided by integrating an aerodynamic nozzle concept into the
overgll facility concept. Then the true temperature wind tunnel capability obtained
can be utilized for aerothermodynamic research and evaluation of structural concepts
using external flow. The thermo/structural test leg provides this capability with
nozzles designed for Mach 6, 9, and 12. Although a Mach 12 nozzle is provided, the
actual limit for complete flight duplication for F¥9 is Mach 10. Should a multi-
recompression heater be added, this would become a true temperature nozzle.

During Phase III, a final list of 278 Research T : ., each tasx being a subset
of the 78 Research Objectives, was defined. This list .. research tasks was used
to determine the research potential of each candidate research facility considered
during Phase III.

E9 provi®=s mu-h more than just ramjet/scramjet engine research capability.
Indicati-e of its wversatility is the number of structural, operational subsystem,
and thermodynamic research objectives to which E9 has applicable capability. 1In
terms of research capability, EQ provides at least a 50% incresse over existing
facilities. E9 is not limited to contributing to research applicable to the HYFAC
potential operational aircraft. In the areas of missiles and spacecraft, E9 could
have a major contribution, as the following matrix indicates:

5
o 3]
o <
=] E g = | oo
< [ 2] o = ‘.3 o
SRR (3] LElE [ZNS]
O [HH E H | mwh 5 ol &+
£ 188 6852898124
£ RS [Eal X2 | AB|ES
L 6y Hx|lven|lx»>|onx
0 ramjet engine development ® X x - - -
o sacramjet engine development . [ * - - -
o materials resecrch [ . ° [} [ X
o st _.iural evaluations . ] . [ . [}
O nozzle performance [ ] [ [ ] [ ] -
o aerothermoelastic effects . 4 [] ] [ .
0 thermal protection sysiems [} . . . [} X
0 thermodynamic research [ [ . [ ® X
o dual mode engine cycles [ 4 X - - -
o gas kinetics [ X [} . . 4

Contrivuti. «+ @ Significant
X Limited
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{GURE 7-27
MODIFIED DIRECT CONNECT INSTALLATION OF
TURBORAMJET ENGINE IN SCRAMJET FACILITY
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Figure 7-23 surweri.es the verformance, costs, development assessment, and
design characteristics of 9. The nuzerical confideace level associated with EJ
is equal to 4.17. This numerical evaluetion is consistent with the qualitative
Ju.gezent that this facility represents a collaction of existing concevpts, already
in (veration at siwiar or slightly smeller sizes. Although integration of 211 these
systems into a siigl: “unctioning unit may require development of operational pro-
cedures, and therefor. require sdditional time, the overall confidence that per-
formance goals vill ce met is high.

This facilitr i- wsique in capability with a dual mode of operation, i.e.,
continuous and intermittent. This concept, coamtined with the test ccaditions
available, allows wcramjet testing on a real time trajectory, which has the advea—-
tage Of Leating the stricturel materials of tke test article in a manner identical
to the flight case.

Censiderirg tane versatility, research capab>ility applicable to HYFAC type air-
craft as well as other aircraft systems, moderate cost, and good confidence of
achieving the specified performance, it would sppear that the advent of large, air-
breathing, operaticrnal hyrersonic aircraft would be predicated on the acquisition
of a research facility analogous to E9.

T.T MODIFICATION OF EXTSTING FACILITY FOR RESEARCH ENGINE TESTING

Research aircraft sized SJ and CSJ engines can be tested in facilities having
considerably less capability than EQ.

The VKF complex at AEDC currently has & g.eat deal of the equipment and ser-
vices necessary to create a small scale version of E9. Figure 7-29 illustrates
the facility and shows a scramjet test leg added to the existirg plant.

For SJ testing, a very capable facility can be created by the addition of a
smaller version of the E9 scramjet module, a carbon combustor with carton and oxygen
supply, and dehumidification cooling equipment. This facility would have the fol-
lowing specifications:

Mach 10.5

Mass Flow 115 1b/sec (52.3 kg/sec)
Stagnation Pressure 3000 psia (2070 N/cm?)
Stagnation Temperzture TO00°R (3G00°K)

Run Time Continucus

The cost of such a mudificsiion is estimated to be $15 million.

Convertible scramjet engine testing of similar modules will require approxi-
mately double the mass flow in order to duplicate conditions at the lower range of
flight Mach numbers. For this testing, in addition to the equipment listed above,
another compressor plant like the VKF must be added. Also required are additional
dehumidificationr coolers and an additional cemtustion heater system. Such a facil-
ity would have the same precsure and temperature as the smaller SJ facility modifi-
cation, and 230 1b/sec (1.6 kg/sec) mass flow. Its cost is estimated to be $30
million.

PRECEDING PAGE BLANK NOT FILMED
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FIGURE 7-28
PERFORMANCE AND SPECIFICATIONS FOR ES

CONVERTIBLE
SCRAMJET
REQUIREMENTS

CONTINUOUS
THROAT
COOLING
pRESENTLY  HMIT
UMAVAILABLE
USING
RESERVOIR
HEATED /
FR!LI‘lBX‘
32
NUMBERY N\
\
\\ \ Vd

BY FACILITY

SCRAMJET TEST SECTION
ENGINE MODULE SIZE

1 Moduie: 16 in (0.41 m) high x 45 in
(1.15 m) wide
wodules: 8.7 in (0.22 m) high x 86 in
(2.18 m) wide
3 Modules: 5.1 in (9.13 m) high x 142 in
(3.60 m) wide

THERMO/STRUCTURAL LEG

_~NOT PROVIDED
BY FACILITY

OPERATING MASS FLOW

Mach Constant Velocity HNozzle Exit
Number Core Diameter Diameter
ft (m) ft (m)

6 5.7 (1.7%) 6.b5 (1.97)

9 8.8 (2.69) 12.2 (3.72)

12 9.0 (2.75) 18.6  (5.67)

- 0000¢
-~} 7000°%
TEMPERATURE

NOZZLE SIZE

800 in2 (.515 m?) Potential Flow Area

Nominal Size: 19.1 in (.486 m) high x
49.5 (1.26 m) long

Cost - $147,085,000

Confidence level.

4,17 on a scale from 1 to 5, where
5 represents low risk existing
equipment technology, and 1
represents high risk theoretically
predicted technology.
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FIGURE 7-29
VKF MODIFICATION FOR RESEARCH SCRAMJETS AND
CONVERTIBLE SCRAMJETS
Capability for Engine Test
Mach10.5
Pressure 3000 psi (2070 N.‘ca)
Temperature 7000°R (3900°K)

Mass Flow - 115 1b 'sec (52.3 kg/sec) - SJ '
230 Ib/sec (104.6 kg'sec) - CSJ /M Test Section

Caitlinuors Operation

Carbon Conhlsto:—/r

Electric Heater

Gas Fired Healer

AEDC - VKF Facility Complex
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8. STRUCTURES RESEARCH FACILITIES (S20)

The development of an operational hypersonic vehicle will require extensive
ground testing to verify and prove the materials and structural dc ign. The testing
technology developed for spacecraft will have to be employed on a larger scale to
prove the hypersonic aircrafi. Existing facilities capable of duplicating the en-
vironments experienced by spacecraft and hypersonic vehicle cannot test specimens
of the size required for proving an operational hypersonic vehicle. Thus, a require-
ment for new structural ground test facilities to test the bigger specimens under
severe environmental conditions does exist.

In Phase I, 26 non-flow ground test facilities were investigated that offered
complete testing capability for all types of ground non~-flow testing required for a
hypersonic vehicle. Nine structural test facilities were included in this initial
group. The Dynamic Structural Evaluation Facility (S2) was chosen as the baseline
facility because it provided the widest range of testing capability. Due to the
similarity between the various structural facilities, the capability of S2 could be
upgraded to verform the functions of other facilities by adding certain types of
unique test equipment. Without major modifications, the fuel flow system in S2
could serve the functions of the entire Fluid Facility. Thus a versatile ground
test facility was developed that could perform a majority of the functions outlined
by all the structural and fluid facilities in Phase I.

Further refinement was needed in the facility design to give the most practical
facility to efficiently perform the most important types of structural testing.
Basically, three types of structural testing will be required: (1) development
testing of structural concepts, (2) ultimate strength verification, and (3) design
life verification. Certain types of fluid flow and slosh tests are also required.

The primary factor that affects facility design and cost is the size of largest
arnticipated test article. The various types of test specimens that may be con-
sidered are shcwn in Figure 8-1 and are described in detail in Figure 8-2 . The
optimum test article is that which will yield the highest level of confidence with
the least cost. A& major section is large enough to accommodate structural and
thermal interactions that may be present under structural fatigue and transient
heating testing. The precise size of the test article will depend on the actual
operational design and the equipment required to test the specimen will depend on
its size. Even though the S20 facility was sized to test major sections, certain
types of room temperature and ambient pressure tests can be performed on full-scale
airframes. An additional benefit is derived from sizing the baseline test article
as a major section, because the same facility is capable of testing a complete re~
search vehicle.

8.1 REFINFMENTS IN DESIGN AND PERFORMANCE

The facility description which resulted from the Phase II parametric evaluation
was considered well defined in terms of equipment specifications and requirements.
The refinements made in Phase III emphasized definition of a realistic structural
research complex with the integration of a hazardous remote site for experiments
with fueled test articles. Existing test track facilities were reviewed to determine
if they were sufficient to accomplish the research associated with horizontal tank
acceleration or whether a new facility would be necessary.

ASCODNNELL AIRCRAFETY
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FIGURE 8-2
TEST ARTICLE SIZE

5
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8.2 FACILITY DESCRIPTION AND COSTS

Tk - structural test complex will consist of 3 facilities, (1) structural lab-
oratory, (2) hazardous fuel test areas, and (3) fuel slosh test track. An overall
view of the structural laboratory and fuel test area is shown in Figure 8-5. The
structural test lab will consist of a high bay test area that incorporates a struc-
turally reinfcrced floor. Test eguipment was provided to duplicate mechanical loads,
vibration, thermal, attitude, acoustic, and thermal-acoustic environments. A sketch
of a typical layout for the structural test lab is shown in Figure 8-3 .

A remote site cryogenic fuel test area (Figure 8-4) is required to test: (1)
fuel tank thermal protection systems, (2) cryogenic fuel usage, (3) cryogenic heat
exchangers, and (4) rapid refueling techniques. The facility must contain adequate
cryogenic and hydrocarbon fuel storage and transfer capability so that representa-
tively sized fuel tank and structural specimens may be used. Flow-rates approaching
60,000 gpm (3.78 m3/sec) must be provided for cryogenic fuels and slush hydrogen to
simulate the rapid refueling times required for military vehicles. The facility
will consist of a structurally reinforced floor coverad by a weather protection shell.
The facility will be surrounded by an earthen revertment to protect personnel and
to contain a cryogenic fuel spill. The basic environments or conditions duplicated
by the facility include fuel flow, thermal, and mechanical loads.

The approach taken with respect to the remote facility concept is to have the
fuel facility located in relitive close proximity (10,000 ft or 3C48 m) from the
structural laboratory so that common electrical power generators, data acquisition
system, and test personnel may ve used. According to the range safety practices of
the Air Force Eastern Test Range, a cleared area of a 10,000 £t (3048 m) radius would
provide adequate protection in the event of a massive cryogenic spill and resulting
fire. The remote site concept is shown in Figure 8-5 .

The slosh test track will subject realistically sized tank configurations to
sustained acceleration combined with random vibration simulating takeoff roll and
vibration, aerodynamic maneuvers, and thrust cutoff. These test tanks must be sub-
Jected to sustained accelerations for sufficient time to develop final or steady
state slosh characteristics. Four seconds of actual test time was considered the
minimum acceptable test time and more time would, of course, be desirable.

Centrifuges and rocket sleds are the two methods that are available to subject
test specimens to sustained acceleration. Centrifuges can satisfactorily test rel-
atively small test articles, but for larger specimens or rapid changes in accel-
eration, the rocket sled appears to be the only practical method of duplicating sus-
tained acceleration. Acceleration changes may be accomplished on a rocket sled by
varying the rocket thrust, terminating thrust, or using water brakes. The accel-
eration of a centrifuge may only be varied by changing the torque on the radius arm
which is difficult to measure and control.

A scarch of existing sled track facilities revealed that the Test Track Facil-
ity at Holloman AFB, New Mexico could fulfill the majority of slosh testing required
for a hypersonic vehicle develovment program. The Holloman track is capable of
supporting sled weights to 16,000 pounds (7300 kg), which would be adequate for

MCDONNELL AIRCRAFT

8-k



REPORT MDC A0013 ® 2 OCTOBER 1970
VOLUME I @ PART 2

RqQuey) PNy 10f 10)033 wesls (RWHD [T
w00y j0QLOY J0}If3 wees 01

wooy |oquo) Jequeyd apmply 6

lvooy Juswdinb3 |eoueday ¢

L

Jupisa) ewsey] Joj uouEISANS MK OCY -
Wwooy Juawdinb3 pue A|ddng 19MOg INEYS UOERIA 9
a)1s ajoway 01

ALIMIIVA 028 LNIFW2INVHYY TYIISAHd
£-2 3UN9I.
T e

1190 Yueasay dHsnody/|ewn]
WodY (0RU0) AHISNON/ PUE UOHEXIA
190 YIrasay dnsnody

SO0

20N 1591 |emonas Aeg uliH

N N

MCDONRIELL AIRCRAFT
8-5



4]

REPORT MOC A0013 ® 2 OCTOBER 197

VOLUMEIX ® PART 2

(gwZ29) "1e¥ 00Q'5aT - el el 207

:_._E.msmwu wd3 gop 09 — Isnoyduny 207

1994
i) 0§
T 1 1

<

iwautaasy ye3 Yhy (wie'o) W 0E

S19{1el] -1wag Jo) ealy duiyiey

sialjoque) 19 <04 woilyud) Juiureuog

{w 19 X 6°S¥) 1 002 ¥ 051

1100]4 padiojuiay A|jempInng

INREaNgs
P

. feuiwiag
) s9110 neg

\\\\\m/////
7/, R

15%5%’
daid 1591

wooy Apeay

ale|(1ds 2(vadokin
pue ssa02y’ Aoy jxny (

W/ 922) TH usnig
wd3 goo‘o9 — a~noydwng 24y

(gw299) *1e8 00’591 — wue) adeioyg 2y

VIYy 1$31 13N4 SNOQYVZVH 3 10WN3Y

b—8 J4n9Id4

MCDONNELL AIRCRAFT

1)/



REPORT MDC A0013 ® 2 OCTOBER 1970

VOLUME IV @ PART 2

*3p|g u01}29101d Jayjeap sapn|u| (W19 X WE'GH)

goly }s8] snopiezeH 8}ig ajowey e 10 9}IS 9J0WI) u._“_.o%_”““

94} Woy) paAOW 9q ued siajien

?
easy adesls ‘41 msc:.. a1qeyiod Uy S131|01U0D 1M °f

(‘red 000'28)
ajey dng

ing - “I59) yue
*H 002 X 3§ OST 0|4 padiojuiay |einjanig wd3 00003 N.__s\ms 922 1on} 29 pue 247 10) vonloN h_o_wnsu
asnoydung °H7 s| ea1e paapd snipel (WBKOE) 1 000'DN € Je

(gu0BLE) gh 1
‘ading weo 4-uodly
wa)sAg uojssaiddng 1) 4

"s{auieyd 0001
*$13},81] 3|qeHOd U}
PRIUNOY $43§1013L0)
1aM0g 9)§ douoy

‘oanaeid s3uey 159 URISE] 3204 Ny

U0 paseq ‘}12} 1 1} ‘9AlRISANd AW )
e WoJj pajeo| S| 3}IS oWl aeis(q ¢

*Naey} pajs upjs|xa ay

AZV)IN |j|m pue X3RN ‘@Y uewo(joy
18 pawsopsad 3q [11M 1S9) YSOIS yuey (and ‘2

*suoseal Kjajes 1o} ayis Ijowal je
pouuoyiad aq []|m Bupse) snoprezey |1y °1
S0N
wooy Apeay [9UN0SIKG

‘U

ey dung ( ¢
£

£4229 - (1€3 000'591)

w1y &y |evosppy
i0) afew)s ¢ —

972) wd3 000'09

Juawdnb3 BujesedQ pejejlossy
pUe $)0)2XUID pue saujqn |

se9 000L-SW 39 11 svjequo)
*Uojjels UO)BIRUAY BMOd MW DEY

po11011u09 JoMod rrm——
alfS ajouay o} %f%.a%/ éﬁ%y _
Uo(jeISanS Wosj auyy P 7.1
UOISS|WSUPLL MW OEY § _
ouf Uossitisuel] S £ ‘&,/
[05u0) pue ejeq Yo7

xo|dwo) Aj1oed 0zs

VIYY AYOLYHOSY NIV OL dIHSNOILYTIY NI 31IS 1531 SNOQY¥VZVH 310N3Y
§-8 34NNJ

MCDONNELL AIRCRAFT

. ‘ithu-"*!



REPORT MDC A0013 @ 2 OCTOBER 1970
VOLUMEIV ® PART 2

testing full-size LHp tanks end subscale LO, and hydrocarbon fuel tanks. The track
length is sufficient to allow test times of 16 seconds of sustained 3g acceleration,
with an equal amount of time for deceleration. Fuel flow could be accomplished by
burning the fuel in a suitable rocket motor or pumping it into on-board storage
tanks at a predetermined rate. A special sled would be constructed to contain the
tank, rocket motors, vibration exciter, and telemetry instrumentation.

The general arrangement of the main laboratory building is shown in Figure 8-€.
FHost of the equipment and performance capabilities defined in Phase II were carriec
into Phase III with only minor adjustments. The rationale and criteria to establish
these capabilities are well documented in Volume III. In summary. the performance
of 520 in terms of the equipment specifications is:

PARMMETER
UNITS CAPABILITY
THERMAL SYSTEM 2 2 5
Max. Heat Flux 50 £t (4.65 m“) Btu/ft ~sec 500
(kW/m2) (5680)
Avg. Heat Flux Btu/fte~sec %0
(kW/m2) (372}
Total Available Power MW 430
Number of Control Channels 1000
Heating Rates Obtainable OF/sec 0 to 30
(°C/sec) (0 to 16.7)
ALTITUDE 3 5
Altitude Chamber volume ft 53 10
(m3) (14.15 x 103)
Maximum Altitude kft 68
(km) (21)
Time to Altitude sec 1.8
ACOUSTIC
Acoustic Sound Pressure Level dB 170
Total Acoustic Power acoustic 4.8 x 106
watts
Acoustic Frequency Hz 15~-10,000
Number of Acoustic Generators 160
MECHANICAL LOADS
Number of Mechanical Load Channels 200
Max. Load/Channel 1b 50,000
(N) (222,000)
Max. Loading Rate 1b/sec 400,000
(N/sec) {1,778,000)
Cycling Rate Hz 0to5S
MECHANICAL VIBRATION
Number of Mechanical Shakers - 20
30,000 1b (133,100 N)
Frequency Range Hz 30-3000

MCDONNELL AIRCRAFY
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FUEL FILOW
Cryogezic Fu:l Tankage & Control £u3 50,000
System (m3) (1%10)
Cryogenic Pumping gpm 60,000
(m3/min) {26L)
FUEL SLOSH ACCELERATION TRACK
Tength £t 1500
(m} (457)
Maximum Acceleration -3 3 L
Test Time sec 16 13

520 was sized to accomodate a major section of sn operational aircraft, and
reguires about 430 MW of power. As a comparison, the simulation requirements for
thermal sirulation only for the complete operational aircraft is given in Figure
B8-7. The magnitude of the task to provide this capability in an actual exverimental
situation is the reason costs are so high for combined altitude/mechanical/thermal
simulation for very large structures. In an actual situation, even the size of the
major section selected for the Phase ITI refinements will undergo variations derven-
ding on technical risks versus costs. The cost summary for the amin laboratory
complex and remote hazardous test site is presented in Figure 8-8. The relative
distribution of the costs are given in the pie charts in Figures 8-9 and 8-10. The
structural test building, thermal test equipment and electricsl subtstation comprise
the mejor cost expenditures. As indicated in Figure 8-10, the hazardous test area
represents a significant cost increment.

Because of the multitude of variations in tests which may be possible, as well
as test article size, identification of a unique operational cost is very nifficult.
A first order estimate for the occupancy charges would be.

ENERGY  $1370
CONSUMABLES 200
MAINTENANCE 200
STAFFING 2800
$L570/0CCUPANCY HOUR

This conglomerate cost would approximate operation of the entire facility complex
with 60% of its 8 research areas occupied, and 80% of the maximum power utilized.
Specific costs for a given structural program would have to be estimated on an indi-
vidual basis. This does indicate the overall level of monitary support necessary
for the S20 complex.

These costs were based on techniques presented in Section 2 of Volume III and
Volume IV,

8.3 SPECIFIC SITE CONSIDERATIONS

The additions of the remote hazardous test area imposes some restriction of the
site chosen for S20. The close proximity of pcpulation centers would probtably rule
out the location of such large quantities of liquid oxygen end hydrogen in a facility

MCOONNELL AIRCRALT
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FIGURE 8-8
COST SUMMARY - $20 Sheet 1 of 2
Facility Component : Cost ($1000°'s)
Structures Laboratory
Building Corplex
Structural test area 28,039
Office area 2,196
Miscellaneous test cells and utility rooms 852
Miscellaneous control rooms 290
Shop and fabrication area 9L6
Subtotal Building Compiex 321323
Equipment
Shop equipment 1,605
Thermal test equipment (including programmers,
controllers, regulators, and heaters) 52,874
Structural loading system (including servos, load
cylinders, and hydraulic pumps) 1,018
Vibration exciters and controls 4,200
Acoustic generators 35
Environmental chambter 80' Dia x 11C' Long 1,280
(24.4 m Dia x 38.6 m)
Envirormental chamber 10' Dia x 20' Long 600
(3.05 m Dia % 6.1 m Long)
General purpose test equipment 1,610
Subtotal Equipment 63,322
Instrumentation
Test control complex 3,000
Data acquisition - 3000 channels 3,000
Transducers - 4500 units 1,125
Subtotal Instrumentation 7il25
Services and Utilities
Compressed air 5,900
Water 800
Cryogenics (LHp, LN2, LO») supply 6,600
Fuel (JP-4) supply 320
Substation (GE MS~T000 Gas Turbines, switch gear and
transformation) 33,000
LOs/alcohol altitude simulation system L,Tu0
Boiler plant 150
Subtotal Services and Utilities 5lih70
Subtotal Structures Laboratory 154,240
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FIGURE 8-8 (Continued)

COST SUMMARY — §20 Sheet 2 of 2
Faciiity Component Cost ($1000's)
Hazardous Test Area
Test poc with revetment and shelter 12,145
Blockhouse 3,100
Taxiway - 10,000 feet 10,278
Parking apron T
Cryogenics (LH,, LO,) supply 10,524
Substation (transmission line and transformers) 1,080
Data transmission hardline -~ 4000 channels 6,400
Subtotal Hazardous Test Area h3i53h
Total S20 Components 1 Th
Contingency @& 10% 16,777
Total 520 Facility Cost BN Y
A & E Fee @ 6% 13,100
Management and Construction Coordination Fee & L% 8,700
Grand Total S20 239,351
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FIGURE 8-9
STRUCTURAL TEST FACILITY COST COMPARISONS

Total Acquisition Cost: $239,351,000

Insirumentation
aad Data
Miscellanssws Services
Test
Siachral
Test

Bailding
/— Office Building
;/— Sheg Building

Vibeation Excifers
Yacwa Chanbars
Miscellanotus Exsipmeont
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FIGURE 8-10
ACQUISITION COST BREAKDOWN FOR S20 LESS HAZARDOUS TEST AREA
Total Acquisition Cost: $186,630,000

LG, Miscellaneous Sesvices
Alcobol and Utilities
Altitude

Simolation Instnmentation
System and Data
Acquisition

Structral
Test
Buildire

/’m‘:‘m

Themal Test
Equipment

Vibration Exciters
—— Vacuum Chambers
Shop Equipmant
General Prpose Lab Equipment
WMiscellancous Equipment
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whi:l has the tank specimens at surface temperatures exceeding 2000°R {1100°K).
The main laboratory complex could probably be integrated into any existing large
structural laboratory complex such as Langley Research Center. I a proper baaring

strength flocr can be obtained for the soil conditions associated with coastal tide-
water areas, Langley would probably offer a suitable site for even the remote site.
Perhaps Wallops Island may prove a feasible location for such a site. Other than
this specific consideration, tre general considerations in Section 2.7 apply.

8.4 DEVELOPMENT ASSESSMENT

The general rules for the development assessment sre presented in Section 2.4.
Individual component assessments and costs are summarized in this section. The
following table lists the individual facility elements, cost factor and confidence
level evaluation.

Per Cent Technical
Cost Frac- Confidence Technical Risk
Item tion (Ki) Level (Cy;) K;Cr, Risk Ranking
Building Complex .16 5 .80 10.67 L
Thermal Equipment .27 4 1.08 36.02 1
Test Equipment .05 5 .25 3.3L 5
Instrumentation .03 5 .15 2.00 6
Utilities .26 5 1.30 17.34 3
Hazardous Area .23 L .92 30.68 2
Totals 1.00 L.50 100.00

The high confidence level of 4.50 is indicative of the use of existing struc-
tural laboratory equipment in making up the S20 facility. The major challenge will
not be the construction of the facility, but rather the design and organization of
experiments into feasible programs.

In general, the majority of testing to be performed in the S20 facility will
not require substantial advances in testing know-how. However, the large size of
the test articles will present new challenges to design economical test setups that
will accomplish the test. A substantial engineering effort will be required to
design the test setups. Test engineering considerations will have to be recognized
in the initial design of the vehicle, and in some instances, provisions for testing
must be integrated in the design. For research vehicle programs, test engineering
for structural ground tests will account for as much as 10-15 percent of the total
engineering effort, not including testing of the propulsion system.

Engineering efforts will be required to study the significance and value of
each type of test that may be contemplated on each particular vehicle configuraticn..
Some tests may be of very little value on some designs, while the same test may be
vital to other designs.

Other than the immense size of the major section test specimens, no unusual
operational problems are anticipated for room temperature structural tests and
dynamic vibration tests. These types of testing will mcrely require the scnling u,
of conventional testing techniques. Although thermal testing will be performed
with present-day equipment, the larger size of the test articles will increase Lhe
diffienlty and risk of a successful test by several orders of magnitude.

MCDONNELL AIRCRAFT
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The total amount of power that will be used in the thermal testing of a major
section is approximately 10 times more than the largest heat test ever run. When
attempting to countrol a 430 MW load on a low inductive circuit such as resistance
heaters, precautions must be ta .n to insure that the load can be dumped to some
type of power absorbing rheostat to prevent the generator from shorting out. The
control must be fully automatic and computer controlled such that instant control
can be exercised over each individual channel to prevent catastrcpic failure from
occurring to the entire test system.

Instrumentation technology will require significant research to develop econom-
ical and reliable methods for measuring temperature and high temperature strain.
Present-day thermocouple technology is sufficient to reliably measure temperatures
up to 3000°F (1650°C) but the expense of each thermocouple installation makes a
large number of thermocouples prohibitive. Present-day high temperature strain
measurement technology cannot reliablv measure static strains at temperatures above
600°F 600°F (312°C). A significant amount of research must be expended to gain
reliable strain measuring techniques at anticipated test temperatures for hypersonic
vehicle research.

Altitude testing will present new problems that were not experienced in pre-
vious space simulation testing. The rate of climb of the vehicle on a maximum-rate-
of-climb trajectory must be simulated because improper ventine of interior cavities
can cause structural failure due to differential pressure loading. Heating tests
over large areas must be performed while at cruise altitude because in many Instan-
ces, the thermal protection insulation and radiation systems will only function at
reduced pressure environments. Fuel flow may also be required for thermal altitude
tests because the fuel mass is used in many vehicle concepts as a heat sink. If
cryogenic fuel flow is required in the chamber, a remote site will be required that
was not anticipated in the facility design.

A significant development effort to provide safe test procedures will be re-
quired for the operation of the hezardous remote site. Test procedures must be
developed that will allow hested specimens to be tested under cryozenic fuel flow.
Testing of cryogenic heat exchangers under high heat flux condition has never been
done on a scale as large as anticipated in this program, and many unknowns exist in
testing procedure.

The fuel slosh test track will present many operational testing problems. A
substantial design effort will be required to design a sled that will enable various
tank configurations to be tested. The incorporation of & vibration exciter in the
sled will require development because the power for the exciter must be stored on
the sled. The high current requirements of electro-mechanical shakers will prohibit
their use. Because it is difficult to supply electrical power to a rapidly moving
sled, some type of a stored energy (pneumatic) exciter must be developed for this
unique test. Likewise, it will be impossible to simulate thermal environments on
the tanks to study slosh effects on the thermal distribution of the tank.

MCDONNELL AIRCRAFYT

817



REPORT MGC A0013 ® 2 OCTORER 1970
VOLUME I @ PART 2

8.5 ACQUISITION SCHEDULE

The schedule foi' acquisition of S20 is presented . Figure 8-11 and is based
on the generel considerations given in Section 2.8. It is seen that the facilities
can be available for use in slightly more than 3 years.

The 3-1/4 year acquisition shown in Figure 8-11 appears reasoneble to acquire
the equipment and physical plant. However, unlike the flow facilitlss, the complex
itself does not represent the research capability, which instead, dep~nds on indi-
vidual application of the heaters, shakers, load cells, acoustic generators, eud
other test equipment to specific programs. The initial facility ch ckout and calibra-
tion is Jjust to determine that the power sourres, steam ejectors, fuel supply, oxidi-
zer supply, and so forth are performing as required. Actual refinement of the experi-
mental techniques required to test a major sectiom urder combined time variant mechani-
cal, thermal aid altitude inputs will require atout 3 to 5 years to develop. In all
probability, the potential operational aircraft wi. 1 have some progression in size.
and the first aircraft will not be 300 feet (91.5° ‘= length. The experimental
capability and techniques can probably be increased cvver a time span so that when
the maxirum sized vehicles are encountered, the testing ca-ability will be available.
The reelization of the complete capability for S20 will probably oceur sbout 6 to 9
years from initiation of the acquisition program. S20 is unique in this respect.
In gas dynamic and engine facilities, vhe capability is provided by the basic facil-
ity and is indeypeandent of experiments conducted in these facilities. For S20,
however, the equipment is Just a collection of hardware, and it is the organization
of the equipment and *~=st technigues associaced with the actual experiment which
provide the capabili -, In this respect. continued resew.~h 'n experimcntal tech-
niques and measuremenc methpods is vital for & structural research facility, such as
520. To summarize, the cost and schedule to assembie the complete S20 racility are:

Cost = = = = = = $237,351,000
Sch:dule - - - - - 39 Months

The final performance goal. need not necessarily represent the initial under-
taking. At the expense of increasing total costs, the an:.uel costs c¢ould bhe reduced
by initiasting a stretched out program where the initial facility performence is
less than the final goal. This requires sufficient planning so additional perfor-
mance increments can be added without significant interruption of the basic facility
operation.

Thz structures research facility has a large number of options availslle with
respect to rate of acquisition. As was done by NASA at Cape Kennedy, where the
facility capabilities for Mercury, Gemini, and Apcllo were expanded as increased
requirements were made known; 520 could begin at a level perhaps not differing
significantly from existing capability and regarding its capatility. In fact, facil-
ities such as the NASA Langley Structures Laboratory could provide the base for the
iiitial step. In this manner, the complete capability of handling & major section
of an operational aircraft could come at the end of a ten year acquisition program,
beginning with altitude/thermal/mechanical simulatioz capability for component sized
structural elements. In this ma..aer, the annual acquisition costs could bc reduced,
and the total cost of the facility prubably would not be increased by more than 20%.

AMCDONNELL AIRCRAFEY
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FIGURE 8 -11
ACQUISITION SCHEDULE, STRUCTURE RESEARCH LABORATORY (520)

3

1 —

5 112 Site Comsiderations
t

I EREEREEREEERREREE |

B | Acr_lvm . o s naane sh'gbli_e_ﬁ_l_g nlnsiisfi71sis{20l21{z2(23124 {251 26]27] 28120 30[31 {32

LlTBas.- -cifications and Coasruction Concepts ' 1T .1 ' i
* '3 Design Criteria |
>, | Prelimicay Facility Des’gn Y ‘
x4 | Fisal FCility Desipn, Equipmest Specifications ! NN ! ,
- 7 _suing | S

. Remde Si® ' 1 )

E " Cwicosmenial Clomber, Sktom Ejeclors T
% § 1 Stwtwal load Aea i !
{91 Thermal System . |

10" Fuel Systens T :

1] Component Laboratories 1

1WA

. i
]
- — H H I
(11 Site Reconmendations o l ; !
* 7i¢, Bl Package and Construction Plan L S S S o
2 1157 Site Preparation and inlegration Plaa — HEREEENEEEEE '
£ 1161 Lelting of Bids T T ]
£ 1177 Prefimiaary Site Wock and Shop Fabrication r! - NEEERERE
(18] Field Fabrication, and Instalation N Ll B L ) ‘ I
 [19] Buiking i B t I
{20] _Remole Site o i e c 1
21| Emirosmestal Clamber i ! e B
22| Seam Fjediors 1! MBI T T
23] Stractwal Loxd Area i T AN
24! Twermal Systen B T B
25| Foel System { RSN EERE
%] Conponest Labscaluries : N i IR
27| Demonstration Tests NEERRER R
28|  Crwponeats Pl I
2] Sehsysiens f L N
30, Complele Faciiity T T
311 Shakedows asd_Calibration IR ; i
E il J RN !
33| Development of Operating Netiodoiogy aod Asseably of Operaimg 5ol | T —t
U
————— L = — e errm e - e e a————] t
s . ; P
3 —— |
i ——
E1N ! i
a0 T T
L i
42; '
e :
1
T a8t
1 j46 ]
‘{47 R ) ~
48
4
% —t - >
51 "‘
3] i T
3! ] i
o t
9] ‘
%) ! |t ,
! " AFTER GO-AYEAD (MONTHS) 1[2[3]a"s 61718 |9 nolitliz[as[ual1s|16}17]18]19]20121]22]23] 28] 25 |26 ] 27] 28] 28] 30 31 {32
| L CALENDAR n LT
: -1
EQLDOUT 3
JUOUT FRAME L
) ' MCDONNELL AIRCRAFT

(Page 8-20 is Blank) 8-19



T— | S w4 0000 SRS Gty ey SRS S Sl AP BV O Sl vy M S SRR A  aply Sy Sl S e bl SR Aot S SHPS SYRy S SN0 SV S } AGSS Sk St MG AN Sk S S At G S U A (R S GEES At G
3 e e e o e —_— 3
3 3

- mm et e e e e - et e —————— + s e

9 ]
— - = TR T s s s e — p—y
1= s
w.llllxll.lllllll»l e e ——— - - e e e e e ———————— e 3
- N. - >
b o
i - SR —_— ~
j P
- - - e - ~
o
— M~
wy
L ~
-
—— —— T e - . —— e — ~

i

Ves|67168169170)71172]73]74 75 176177

FQLDOUT, ERAME 2.

]

3 3
- - 2
I T .l 3

_.aT{ — — _ e — — 3

3 T _ 3
Jmu - _ ]

= T =
N E— = - - o

2 7.

3 e T =

R - a

7 g

3 T e T 3

R R
] - e e ——

ﬂ oo

R

3 ~ |
L

S _

£

v L

3

32 B — - A -

B

33[34135136{37138!39(40la1

34135/36] 37|38]39[40{ 41 ]42[43] 44 145| 46| 7] 48] 43] 50] 5152

]
23] 25| 2627|288 [30] 31 [ 22

23124125126 2712829300 31 32]33




REPORT MDC A0013 ® 2 OCTOBER 1970
VOLUME IV @ PART 2

Postulating a possible stretched acquisition schedule the component laboratories
could be first acquired for perhaps 50 million dollars, in three years. The main
laboratory building and complete services could be added in another three years
with full power capacity and equipment necessary for component research for another
60 million dollars. In the next two years, the test equipment could be sdded so
that at 8 years from initial capability a major section can be tested in combined
thermal/mechanical loads. In the following two years, the remote hazardous test
area for testing fueled specimens, and the altitude chamber for combined altitude/
thermal /mechanical tests could be installed for an additional 65 million dollars.
This is 2.5 times larger than the minimum time required to acquire the facility,
but the annual expenditure rate has been reduced by about 50%. The cost and schedule
of this stretched acquisition schedule are then:

Cost Schedule

Component-5ized Testing Capability ¢ 50,000,000 36 Months
Mair. Lab Building and Services 60,000,000 36 Months
Full-Size Structural and Thermal Test 110,000,000 24 Months

Equipment
Hazardous Test Area and Altitude 65,000,000 24 Months
Chamber

Total 285,000,000 120 Months

PRECEDING PAGE BLANK NOT FILME.
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8.6 EVALUATION SUMMARY

The development of a hypersonic airframe that will repeatedly survive the
hypersonic flight environment and yet remain within reasonable weight limits
will require the use of unconventional materials and structural concepts. Some
of the structural concepts and materials will be taken from existing technoloey,
buc many will eval+e from research conducted to solve specific hypersonic vehicle
technolrgy pr-ki In either case, the concepts will not have teen proven to
provide a re%50:. ...e level of confidence for a operational sysiem. In order to
gain the required conficence to commit a vehicle desien to prototype production,
significant structural research must be conducted. The prototype design must then
be verified by repeatedly subjecting the structure to flight environmental and
loading conditions in structural ground research facilities. The scope of the
ground structural research to be performed is outlined in Figure 8-12.

The S20 Structural Research Facility cen provide realizvic test environments
which will subject the various thermostructural concepts to flight conditions. The
maximum possible levels of confidence can be obtained in a facility similar to S20.

To provide the most beneficial and cost effective structural ground test facil-
ities, critical envirommentsal end lcading conditions must be app.ied %o represent-
ative test specimens. The cost of the faciiity is governed by the nuwbder of envir-
onments simulated and the size of the test articles. The proposed facility weas
chosen such that flight enviromnments could be applied to test specimens t¢s large
&s full-scale operational vehicles.

The definitions of test article size were based on a maximum sized venicle
325 £t (98.5 m) long with a 125 ft (38 m) span. In practice, however, the initial
aircraft sizes may not be that large, so that the actual equipment requirements
will probably increase with time, beginning at a ievel of one-half to ome-fourth
of the maximum-specified. This means that in 81} probability, S20 will go through
a period of growth, re.lizing its complete capability only when aircraft of that
maximum size are under consideration for actual acquisition.

Hard decisions still must be made with respect to the best testing philosopby
for a particular airframe design. The 520 facility was intended to be a general
facility that could test any ¢f the proposed operational vehicles. Obviously, *f
the actual vehicle is significauily different from the baseline test article, or
if the size of the test articles required are varied, the capability requirements
of the ground test facility will have to be altered. For example, significant
differences exist between the structural concept required for a hypersonic vehicle
and g space shuttle. These ctructural differences will require different structural
test facilities for the shuttle and hypersonic vehicle. The shuttle will fly a
high angle-of-attack entry trsjectory that resuits in high 1ift and drag and in-
creases the altitude at which deceleration occurs. This in tura shortens the
duration of the heat pulse on the vehicle. Since high angle-of-attack flight tra-
Jectories expose only the lower body and wing surfaces and leading edges to sig-
nificant heating, many areas of the structure will not require extensive thermal
protection. Due to the high altitude/high angle-of-attack trajectory, the shuttle
structure will be subjected to much lower dynamiec pressure and wing loadings than
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8-22



REPORT MDC A0013 ® 2 OCTOBER 1970

SCOPE OF NON-FLOW GROUND TESTING

VOLUME I @ PART 2

FIGURE 8-12
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will be experienced by a typical hypersonic aircraft. The maximum dynamic pressure
experienced by a hypersonic vehicle could exceed 2000 psf (95,700 N/m2), where a
typical shuttle traj)ectory will only produce a maximum dynamic load of 50 psf

(2390 N/me). The maximum leading edge temperature for the shuttle is expected to
be less than 2200°F (1215°C), where leading edge temperature for the hypersonic
trajectory will exceed 3000°F (164T7°C).

An additionsal consideration for structural research was the capability to pro-
vide a flow enviromment to evaluate material/structural systems under flight dupli-
cated aerodynamic conditions in addition to the normal structural non-flow capa-
bility. The only group of facilities providing flight duplicated conditions were
the engine research facilities. The engine facilities were therefore provided with
the capability of accommodating aerodynamic nozzles to generate a testing medium
where flight velocity, Mach number, and altitude were duplicated. Although the
effects of gas chemical kinetics in the overall flow around the aircraft will be
negligible for Mach numbers of 12 or less, there are regions of local non-equilib-
rium flow in the vicinity of leading edges, and noses, as shown in Figure 8-13.
Regions near the leading edges therefore could have fractions of the total energy
contained in frozen atom concentrations during the expansion process around the
leading edges. This could mean that if the well chemical characteristics were such as
to enhance atom recombination at the wall, more energy than predicted by equilibrium
theory may be transferred to the wall, increasing leading edge temperature. On
the other hand, it is Just as possible, for coated refractory metals, that the atom
recombination rate at the wall msy be impeded thus reducing heat transfer rates znd
surface temperatures. Whether or not this alteration of the wall/gas chemistry
actually is of the magnitude predicted by theory (Ref. 11 and 12) must be verified
by using the actual material, in the shape and construction envisioned for an actual
aircraft, exposed to an air flow which duplicates local flow conditions. These fac-
tors should make the addition of the aerodynamic nozzles a significant improvement
to the overall thermal/structural research capability for determining actu 1 air/
materials interactions.

During Phase III, a final list of 278 Research Tasks, each task being a subset
of the T8 Research Objectives, was defined. This list of research tasks was used
to determine the research potential of each candidate research facility considered
during Phasz III. Details of this analysis and evaluation are contained in Volume
IV, Part 3.

520 is identified vwith a limited number of Research Objectives compared to
some of the flow facilities. It does, however, accomplish a high percentage of the
applicable research objective tasks. The capability of S20 to provide high temp-
erature structural environments mecns its applicability is not limited to HYFAC
type aircraft alone. The following matrix is representative of the diverse cap-
ability of 520.
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FIGURE 8-13
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Thermal Modeling o o o o limited to providing input
heat and bulk material

Fluid System Research o o o temperature
Horizontal Tank Dynamics o) o
Cryogenic Fuel Stability o 0 o

The numerizal value of 4.5 for the facility confidence level indicates the low
risk involved in acquiring the S20 facility complex. Not indicated is the uncer-
tainty associated with assembling the hardware into a complete structurai program.
It is very difficult, for example, to use half a wind tuinel test section, but it is
ind=ed possible to use less than the total number of heaters, load cells, shakers on ¢
multi-million dollar structure specimen. The actual test program may require less
dollar outlay than the cost of the specimen itself. A total time period for a test
of this magnitude may be 2 to 3 years from beginning of installation to removal of
the structure specimen. The total cost for S20 of about 131 million dollars appears
consistent with the tenfold increase in thermal heating capability over existing
facilities that it provides. Considering that the maximum sized aircraft will be
somevwhat later in the aircraft development cycle, a minimum yearly acquisition cost
program could be followed where the minimum 3-1/4 year acaquisition schedule is
stretched out over a ten year period, gradually increasing capability.

The success of any hypersonic vehicle program will depend on the materials,
design concepts, and technology base the program is premised on. Undoubtedly, the
development of & practical re-usable thermostructural concept will be one of the
primary cornerstones upon which the success of the program will stand or fall. The
development of a successful thermostructural system wil) be directly affected by
the availability of adequate test facilities. WitlLout the proper ground test facil-
ties, the desired confidence levels will not be achieved, thereby committing the
design to production or flight with an undesirable degree of risk.
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9. COMMERCIAL INDUSTRY SUPPLIED DATA

In deteru.ning the present maximum capabilities of equipment utilized in the
operation of the candidate ground research facilities, a significant contribution
was made to this study by the manufacturers, suppliers, and users of the various
equipment categories. The equipment requirements specified by the size and research
capability of the candidate ground research tarcilities was such *aht without these
firms' gratis coriributions, the confidence .n the technical assessments and cost
would have diminished. The firms which couatributed were:

Ingersol-Rand Conventional steam elector design and
New York, N. Y. costs.

Pratt-Whitney Industrial gas turbine generating systems
East Hartford, Connecticut end costs.

General Electric Industrial gas turbines and ground appli-

Cleveland, Chio
Evendale, Ohio

Allis Chalmers
Milwaukee, Wisconsin

Combustion Engineering
Windson, Connecticut

Cabot Corporation
Boston, Massachusetts

F. C. Brown
New York, New York

Niagara-Mohawx Power Co.
Buffalo, New York

Union Electric Company
St. Louis, Missouri

City Light & Power Company

Jacksonvilile, Illinois

cations of advanced aircraft turbines.
Gas/steam turbine compound generating
system packages.

Compressor plant design and specifica-
tions. Costs of large, high pressure
control values.

Conventional ejectors

Carbon monoxide and carbon combustion
systems, technical and cost data.

Chemically fueled steam generators and
ejectors.

Power availebility, rate structures,
corsiderations involved in establishing
user rates, facility operational charsac-
teristics with respect to network sta-
bility.

Commercial power rates and information
regarding the pumped storage facility at
Taum Sauk.

Practical advice concerning costs and
operation of packaged gas turbine genera-
ting units.

McDonnell Louglas Astronautics Co. Muffler design and enforced community
Huntington Beach, California noise standards.
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Cleveland Coppersmith Company
Cleveland, Ohio

Ajax Magnethermic Company
Cleveland, Ohic

Coen Company
Burlinsame, California

Nooter Corporation
St. Louis, Missouri

Norton Company
Worchester, Massachusetts

Fansteel Corporation
North Chicago, Illinois

P. D. M. Steel Company
Pittsburgh, Pennsylvania

Vilter Manufacturing Company
Milwaukee, Wisconsin

Air Reduction Company
New York, New York

Process and Chemical Equipment Co.
5t. Louis, Missouri

Cleaver, Brooks Compsny
Milwaukee, Wisconsin

Arnold Engineering Development
Center
Tullahoma, Tennessee

NASA Lewis Research Center,
Plumbrook
Cleveland, Ohio

NASA Langley Research Center
Aerophysics Branch
Hampton, Virginia

Design fabrication and cost information
on water cooled induction ccils.

Design fabrication and cost information
on water cooled induction coils.

0il fired comsustion heat exchanger costs.

Pressure vessel fabrication technology
and costs.

Zirconia properties, commercially avail-
able shapes, material & fabrication costs.

Refractory metal properties, costs, and
fabrication problems.

High pressure conirol valves.

Technical and cost estimates for mechan-
ical refrigeration plants and water
cooling systems,

Costs of cryogenic fluids.

Control valves and piping estimates.

Conventional boiler costs.

Cored brick heater design & performance
design details, hypersonic 2-D nozzle
fabrication consideration, 16S & T nozzles,
operation and maintenance costs of com-
pressor plants. Utilization rates of
major facilities. Proposed facility
performance goals and specifications.

TVA power utilization & costs.

Technical details of the electric induc-
tion heater as applied t5 a flow facility.

Minimum Reynolds number simulation
requirements. Scramjet testing require-
ments high temperature Arc heater concept.
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Naval Ordnance Laboratory Operating details and problems concern-
Silver Spring, ing the gas piston driver concept
White Oak, Maryland
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10. ASSESSMENT AND RECOMMENDATTONS - SUMMARY

The five ground research facilities refined ir Phase III represent the ‘aecili-
ties required to accomplish the research specified in the Research Objectives that
co1ld not be accomplished in existing facilitiss. In terms of the research appli-
cable to future high performance aircraft, probably the most pressing need is in
the areas of engine and structural researcu. This is not oo imply that aerothermo-
dynamic research capability does not ro uire improvements, bt rather suggests the
dominating influence that both engine performance, size, ani weight and structural
strength and weight have on the finrl aerodynamic configu:ation. The turbomachinery
engine facility represents the longesi term developmeni and acqiisition progrsm,
and could affect the acquisition of other researci facilities. A program «hich
anticipated acquiring all of the cundidate research facilities would in r~zality
probably be extended over a ten to twelve year avquisition program. necessitating
establishing some priority of acquisition. Some considerations which wert into
deterwining the schedules and the alternatives :re discussed in this section.

10.1 COST AND SCHEDULES

The five facility concepts refized in Phase IIT represent definition of a per-
formance goal based cn the research .equirements defined in the Research Chjectives.

- Although primarily consistine of components based on existing technologv, these

facilities will require a period of performance development, after initial operation,
where che operatious of the numerous subsystems are better interfuced to achieve the
aaximum performance. Except tor specific items associated with the engine research
facilities, the development assessment for the overall facilities is quite favorable.
It would appear that any of the ive ground research facilities could be built
(although with varyiug degrees of difficulty) and possesse- a good to excellent
chance of achieving its desired goals. For some facilities the final performance
goals need not necessarily represent the initial undertaking. At the expense of
increasing total costs, the annuel costs could be reduced by initiasting a streiched
out program where the initial facility performance is less than the final goal.
Sufficient planning must be done so taat additional performance increments can be
sdded without significant interruption of the basic facility operation. The poten--
tial of reduced initial acquisition costs is different for each candidate grcund
research facility. Various aspects of these alternatives for the individual canci-
date zround research facilities have been previously discussed. Figure 10-1 summar-
izes a postulated acquisition schedule and shows the required ann.:i cach flow and
cumulative expenditures hased on tnis schedule. The postulated schedule has been
worked out ~o that the complete capability would be available in 10 to 12 years and
so that annual cash flow is less than that required if all facilities were started
simultaneously at their ultimate perfu,mance potential. It can be seen that the
total annual cash flow ranges from a minimun o. $12.7 millioun during the first rear
of the program to a high of $158 millira during the eighth year. The cumulative
expenditures for the postulated program woull be about $1.014 billion, compared *o

‘ the basic cort of $940 million obtaineé by constructing each facility with its

vltimate per. ormauce at the outset. This postulated schedu’- is only one of many
possible arrangements and is presented to give a quantitative idea of the cc-
involved in such a program and of the time required to obtain the desired reor2ich
capability for hypersonic aircraft and engines. :
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Some of *=» ..ructicn schedule and cost aite:i .atives have heen discussed
previously for . s vi.ity. The foll .ng discussion presents the alternate vhich
has been choser. fu: the postulated :omposite s~hedule for each facility.

(1) The hypersonic test Zeg of GD20 is constructed after the trisonic test
leg. The ccmplet2 bu’lding for the compressor plent can be initially ecastructed
to accor ucdate the final number of machines. Since the compressors for the hyper-
sonic leg require a portion of the output frcm the compressors for the trisonic leg;
rrovisions should be provided tu add these compressors at @ later date without seri-
ously interrupting the oreratiun of the trisonic ieg. Adding the hypersonic test
leg at a later time reduces the initial acquisition cost bty tue amount required for
the air compressor, valves, test lez, muffler and air storage tanks. Since a common
control room and da*a acquisition system building are envisioned, it is assumed this
would be built in unearly final form.

12} ‘he cost of the GDT hypersonic research facility is so low ccupared to
the total pregram cost that no significant cash flow reduction is ovtained of a

vregram strotch-out. It was therefore decided to design and construct both test
legs simultareous:y to th= ultimate specificationc. Program initiation need not
start until the 5th year of the over-all program start since only five years are
reguired for completion.

{3) The initial performance of E20 will accommodate direct connect iesting of
near-term engines, with the fmll peformance added later when the requirements
materialize. Based on mass flows for current study engires, the compressor mass
Tlow can be redvced some ~ tiLe inductlcn heaters deferred and the refrigeration
vlant sized for turbojet:. .. twbofans, without compromising the reseaich capabil-
ity ia terms c? the nearer term engines. T:il3 reduced czpability can provice flight
Zuplicated conliticns tc Mach 3.8. ™e prelimiaary design must be cspsble of
expansion to the full ultimate fucility specifications. The schedule would not be
changed s.gnificantly : :cause other pacing it=ms such as cooler, heaters, and so
forth are still necessary. The additional compressor capability eould wobpably be
provided in a 3%k to 38 month period at some later time. The alternati.. of not
immediatelv providing either the induction heaters or the free jet tezr leg provides
additional time for reduced scale development of vcheze twe high risl: components at
the saiie time thet the basic Tacility is being chz2ckea out and put into routine
cperation. Tine is aiso available in the case that placned approaches to these two
items do not bear fruit and alternative concepts have to be developed.

(k) Za the postulated schedule, E9 is constructed at its full capability,
with initial design starting in the fourth year of the over-sll program. A five
year program ol prototype development s proposea, wherein an existing blowdown
pebble bed fseirity (such as the PARD heater at Langley) is equipped with a carbon
combustor ani & scramjet test section. This development work must be deone prior to
actual design of the E9 facility ir order to solve the operatioanal and materials
probiems to be expected with these components.

(5) The structural re earch facility is best constructed in incrementa. stages.
The compnnent leboratories could be ecquired in three years for perhaps 50 miilion
4o0llars. The main labr =*cvy building and complzte services could@ Le added in
another three years witnr -ull pov:r capacity end equipmert necessary fo. component
recearch for aaother £0 million delars. In the next two years, the test equipment
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FIGURE 10-1
POSTULATED COMPOSITE SCHEDULE FOR INCREMENTAL ACQUISITION
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could be tested in combined thermal/mechanical loads. In the following two years,
the remote hazardous test area for testing fueled specimens, and the altitude
chamber for comvined altitude/tnermal/mechanical tests could be installed for

an additional 65 million dollars. This is 2.5 times longer than the minimum time
required to acquire the facility, but the annual expenditure ra.e has been reduced
by about 50%.

10.2 RECOMMENDATIONS

Considering the existence of well over a thousand wind tunnel, engine, struc-
tures, materials, and hardware oriented experimental facilities in govermment,
industry, and university organizations which contribute to aeronautical technol-
ogy, the fact that the five ground research facilities refired in Phase III were
Judged as capable of increasing the research potential by fifty percent speaks for
the magnitude of these five proposed facilities.

In terms of general spplication, GD20 appears to offer significant research
capability improvements for a wide range of aseronautical applications from transpoxrt
to hypersonic launch wvehicles. This particular facility would represent an addi-
tional degree of flexibility in that the same models and test section cart used
for high Reynolds number work would be irterchangeatle with the 16 foot (4.9 m)
AEDC propulsicn tunnels where additional research on engine integration could be
accomplished. Major multi-billion dollar programs such as the Boeing 747, Lockheed
1011, McDonnell Douglas DC-10, and Lockheed C5A4, requiring Reynolds numbers simula-
tion well in excess of current capsbility, have been comriitted by private industry
with a relative success. Therefore, although GD20 would indeed be desirable as an
additional research tool, its acquisition is probably dependent on the acquisition
of a large hypersonic airbreathing aircraft.

GDT, although relatively inexpensive in comparison to the other study facilities,
is a very desirable facility in terms of its high Reynolds numbe- capability in its
Mach number range. Existing facilities in this range suffer from lack of size, low
unit Reynolds numbers, and/or short run times. The superior specifications of GDT
in these areas, plus its low operating cost which derives from its impulse type of

operation combined with its relatively long run time, lead to its recommendation
for accuisition.

E20 is predicated on the development of advanced composite engines with high
supersonic capability. If considered in its proposed initial step of duplicated
Mach number to 3.8, it is really an upgraded Large ¥ngine Test Facility (LETF) as
proposed by AEDC. In fact, an additional 40 to S0 million dollar investment to LETF
would provide the mass flow and terperature capability represented by this initial
step for E20. The final step for E20, going up to Mach 5.5 duplicated flight con-
ditions, would be costly, and ofrers the highest risk associated with attaining
the performance goals of E20. Such an investment would only be required if large
engines in tric Mach number class were actually going to b2 developed.

E9 is a large facility of unicue capabilities, combining pure air perforamance
testing on a blow’,wn basis with vitiated air testing, for thermal -onditioning of

PRECEDING PAGE BLANK NOT FILME.
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engine modules and PFRT testing, on a continucus basis. It can greatly increase
CSJ and SJ development progress, permitting much of the engine development work to
be done on the ground and decreasing the dependence on flight test results.

As mentionaed previously, the facility development testing of the carbon combustor
and scramjet module concepts are required prior to commitment to design. Such test-
ing is possible in a variety of existing pebblie bed blowdown facilities.

The major facility for scramjet testing now in advanced plenning is the True
Temperature Tunnel (TRIPLETEE) at AEDC, which is a vary large pebble bed blowdown
free jet facility. It is possible, having proved the unique concepts of E9 on a
small prototype, tc incorporate the carbon combustor, additional compressor plant
capacity, and the scramjet module test section into a TRIPLETEE facility at an
additional cost of about 80% of tke basic £9 costs.

If subsequent research reveals an imperative need for pure air testing, a
nultirecompression heater, either continuous or intermittent, could be added to the
facility, but at a very high cost and technical risk (Section 7.2.6).

As discussed in Section 10.1, S20 could be acquired over a long pericd of time,
with gradual increases in performance. In this respect it represents the most likely
candidate for an early acquisition. Moderate initial investments could provide a
research capability in materials end structures in excess of current capability, ard
the ®isis for substantial growth in future years.

AMCDONNELL AIRCRAFYT
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APPENDIX A

The location of even moderately sized wind tunnels near popuiated, incorporated
areas can impose significant restrictions. Presented in this appendix is an excerpt
“rom Resolution Number 231, entitled, "A Resolution of the City Planaing Commission
of the City of El Segundo, California, Recommending the Establishment of a Wind
Tunnel by Douglas Aircraft Coupany, Inc., within a Certain Specified Area and Under
Certain Conditions". Specifically this resolution specifies the acceptable noise
level which the City of El Segundo required Douglas to demonstrate before routine
facility operation would be permitted. Douglas Aircraft Company (a divisional
company of the McDonnell Douglas Corporation) supplied the sp=rifications and plans
of a muffler systcm used on their & x 4k £t (1.2 x 1.2 m) trisonic facility which met
the requirements specified in the subject resolution. This was used as the basis of
the muffler design for the HYFAC ground research facilities and was scaled on a mass
flow per unit area basis. In order to indicate the stringency of the requirements
a large office can easily have a sound level equivalent to 70 to 50 dB. The excerpt
from Resolution Number 231 follows, begirning with page F or the resolution.
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THEREFORE 3E IT RESOLVED FURTHER, that the Planning Commission recom-

approval of the application of the Douglas Aircraft Company, Inc. for

the construction, and operation of wiud tunnels, ore of which will approximately

be the size as that permitted under the spplication of North American Aviation,

Inc., and the other approximately one-third the size of the larger one to be used

for testing smaller devices, thus giving mnre flexibility to the operation, both

to be established on the following described property.

and shall
standerds

The West 630 feet of the North T4l.h3 feet of the Northeast
Quarter of the Northeast Quarter of Section 18, Township 3,
Range 14W, Rancho Sausal Redondo in the City of El Segundo,
County of Los Ang~<les, State of California, except the North
50 feet thereof which is dedicatad for road purposes.

be subject to the identical controls, limitations anu performance
made applicable in the previous case, to wit:

1. For the purposes of convenience in reference and in determining
the boundaries of the area above describad, there shall be attached
hereto end designated as “Exhibit A®. 3 map or plat entitled "Trisonic
Wind Tunnel Site Proposals 3 & 4 El Segundo. Said Exhibit A is hereby
referred to and by this reference incorporated herein and made a part
hereof.
2. Prior to the completion of ihe wind tunnels, the Douglas Aircraft Com-
pany, Inc. shall submit to the City Council of El Segundo a statement in
writing by a recognized acoustical expert employed by the Douglas
ircraft Company, Inc., to the effsct that the wind tunnel has been
designed to achieve noise levels at one-helf mile not greater than the

following:
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Frequency Bands Sound Pressure Levels
Ups dB re 0.0002 microbar
20-T5 T2
T5-150 61

150-300 53
300-600 L8
600-1200 Ly
1200-2400 L1
2L00-4800 29
4300-10,000 37

3. That the construction, operation and maintenance of the said wind
tunnels end their appurtenances shall be such that the actual noise
levels one-half mile from the site when measured in accordance with

"4" below, shall in any one frequency band, averaged over the 12 positions
specified, not exceed the numbers tabulated above by more than 10 db for
operation between the hours of T:00 o'clock A.M. to 10:00 o'clock P.M.,
nor more than 5 db for operation between the hour: of 10:00 o'elock

P.M. and T7:00 o'clock A.M.

L. The noise measuriug equipment used for determining the actual noise
levels shall consist of a Sound Level Meter meeting the specifications
contained in "American Standards on Sound Level Meters Z 24.3 (194k4)"
and an Octave Band Analyzer meeting the specifications contained in
"pmerican Standards on Octave-Band Filter Sets Z 24.10 (1953)" and the
equipment shall be in proper calibration at the time of performance of
+he tests.

. The average noise levels shall be determined from octave-band noise
lavel measures made a* not less than 12 positions equally distant from
each other at a distance of cne-half mile from the site and sc arranged

as to ccmplevzly encircle the site.
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In order that any test in any octave band be considered valid, the
background noise level in each octave band with the tunnel not in operation
shall be at least 6 db below any reading in that octave band taken with the
tunnel in operation.

The weighting network of the sound level meter shall be in the "C"
position; the meter speed ca the octave band analyzer shall be in the
"slow" posiéion; rezdings shall be taken at the steadiest position of
the indicating needle during the 30-second period of operation of the
tunnel or at the peak positions if the noise is of a pulsating nature;
the microphone should be supported.on a microphone stand about 4 feet
high; the sound shall impinge upon the diaphragm of thc microphone at
grazing incidence; =21 necessary ﬁicrophone response, cable and tempera-
ture corrections shall be applied to the finally tabulated data; and
the measurements must be performed only if the wind speed is less than

5 miles per hour.

FINALLY RESOLVED, that & copy of this Resolution shall be forwarded

to the City Council for its action as requiied by law.

Passed, approved and adopted this 28th day of November, 1955.

George E. Binder

Secretary of the City Planning
Commission of the City of
El Segundo, California

William G, Thompson

Chairman pro tem of the City Planning
Comrission of the City of
El Segundo, Californmia
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